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ABSTRACT

The final stages of the autoxidation of
benzaldehyde at o germanium surface have been exemined,
to determine the composition of the final oxidation
products. While the main product is benzoic acid, there is
an appreciable amount of o stable peroxide, which appecrs
to be dibenzoyl peroxide. Other possible products of the
termination of the chain rcaction, for example, benzil,
were not detected,

The treatment of an etched germcnium surface with
an irradiated benzaldehyde film has been shown to produce
a8 lower surface recombination rate. The photoelectromagnetic
method was used for these measurements, and the simplified
procedure followed was sufficient for comparative purposes,
although not rigorous enough for the accurate measurement
of absolute values. It was deduced that the reduction in
the surface recombination velocity resulted from an increase
in the surface barrier height, brought about by the oxidising
action of the bensaldehyde. This conclusion was supported
by the findings of the 1962 program, in which improvements
in the rectification characteristics of surface-barrier
diodes were also attributed to an increase in the surface
barrier, following the same treatment. It was concluded
that the irradiated benzaldehyde treatment would be valuable
for the final processing of the surfaces of semiconductor
devices, particularly as it would &lso tend to clean
the surface of metallic contamination.

An enhanced photoelectric effect has been
observed after applying & benzaldehyde film to a surface-
-barrier diode on n-type germanium, Using the theory of
charge transfer catalysis, it has been found possible to
correlate the quantum yield of the reaction with the
increase in efficiency of the photoelectric effect. The
quantum yield in the photoxidation of & thin film of
benzal dehyde is between 7 and 9, and the maximum corrected
increase in efficiency from the photo-electric effect is
about 6 times, which shows reasonable agreement with the
theory.
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It has not been possible to confirm the high
surface potentials for germanium in wet oxygen, recorded
in the 1962 program, and it is probable that errors
resulted from the indirect null-method of measuring the
potentials. It is still possible to measure potentials of
the order of 10 volts at infrequent intervals, but the
method of generation of such potentials is not known.
Reliable and consistent measurements of the normal surface
potentials, between 500 and 700 mV in wet oxygen, have
been made using a new technique with a glass fibre
probe, in conjundion with gn electrometer voltmeter having
an input resigtance of lO1 ohms, The glass fibre system
is able to probe the surface layer of the germanium without
producing any mechanical or electrical disturbance of the
surface, Interesting effects have been observed by varying
the anbient and introducing & short circuit or an applied
potential across the electrode system. The decay curve
of the potential on removal of the water vapour is inter-
preted as a measure of the time of relaxation of slow
surface states in the oxide layer, of between 300 and 500
seconds, and a step-like structurs, sometimes observed,
mey be related to irregularities in the oxide structure
or to a gpectrum of energy levels. An oscillatory behaviour
of the potential, following a& short circuit, has been
explained i terms of a non~-equilibrium distribution of
water molecules at the surface, in conjunction with the
diffusion time of holes in the oxide layer, and adjustments
of the space~charge potential. The concentration of
slow states at a germanium surface cclculated from th
observed potentials, is between 3 and 4 x 1013 per cm ,

There are indications that the probe technique
developed may also be useful in studying the properties
of oxide films on metals,
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1.0. INTRCDUCTION,

1.1, The present acocount is a ocontinuat.on of {ne work
reported ‘in the Final Technical Report 19&, under Contraot
No. DA - 91 - 591 - EUC - 1698, R

1.2. It was well known that benzaldehyde produced
peroxides in an sutoxidation proceaa when expomsed to light in -
the presence of oxygen, (1, 2, 3, 4) and the active oxidising: -

.. egent 2ad becn umed for tne preparavion of acetyl benzoyl i
prercxide by mixing benzaldehyde with acetic epnhydride before
irradietiam {5, 6.).

1,3, In the Final Repcrt, 1962, the chemical and physioal
changes taoking place at a germanium crysial surfece, in the '
..presence of 2 film of benzaldehyde and ultreviolet irradiation;

were examined. The chemical reactiors were studied, to determone
whether the semiconductor surfane had any cataiytic aation, either

. positive or negative, and whether this action was influenced Ly

dislosation oonoentration or an excess of donor or asceptor centres

in the bulk of the orystal. The eleotriczl measurementsa.were
designed to measure any physical changes in the surfude:lyyer of
the semicondustor after photochemiral treatment, and: cheservaticnas
% rect'™ration efficienoy at surtace barrier oontacts and of
surf gse charge were made,

1.4, It was oonoluded that the benzaldehyde was oxidigzed. tc
benzoic acid with a quantum yield of ebout 7 in 366 my radiation,
and that the oxidation was a lst order reaction after the first
few minutes, No signifiocant diffarence in reaoiion rate was
found between the surfaces of n-type germanium, p-type germanium
or glasa, suggesting that the germanium was showing no specifio

catalytic activity. The reaction rate was aimiiar for both ground

and etohed surfaces, indjcating that dislocaiion density did not

influence the reaction. All surfaces behsved as negative ogtalvsts,
by removing the ohain-carrying rsdicals produced in the irradiatior.

1.5. The e.ectrical measurements alhiowed thet the treatment
of n-typs germanium murfaces with an irradigted film of
bensaldehyde imprdved the reverse impedance of surfaoe-barrier
reotifying cotitacta. - ‘The effect. was zpparently produced by free

radiocals or peroxides, which, it was suggested, oreated a permanent

inoresse in the number of surface states, or a modification of the
atmeture or thickness of the asurface oxide lgyer.

1.6 Large electrostatic charges were obeerved at the surfaces

of m-type germanium in an atmosphere of wet oxygen or argoen.
Duzing measurements oL contact potenha.l voltages of up to 100
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were obmerved in some cases. The formation of the potential was
assisted by pre-treatment of the surface with an irradiated film
of benzaldehyde., High potentials were more diffiocult to obtain
on p-type germanium or p-type siliocon. The magnitude of the
potential was diffioult to explain, but appeared to be derived
from positive charges at the oxide-gas interface, induced by the
adsorption of water molecules. Charge accumulation was not found
to be responsible.

1.7. The affinity of the germanium surface for electron-donor
molecules, of water, for example, and the failure to produce
specific catalytio effects in the oxidation of benzaldehyde,
demonstrated that the surface was predominantly an eleotron-
accepting ocatalyst., This condition is the result of the high
ooncentration of slow acceptor states at the oxide~gas interface,
which oontrols the catalytic behaviour,

1.8. Some brief observations wmype made of the high photo-
currents produced at a point contact rectifier in the presence of
benzaldehyde and stabilizing agents and it appeared that complex
chemiocal and physical processes might be involved.

1.9. In the continuation of the work, it was decided that it
would be helpful to confirm, if possible, the formation of
rerbenzoic acid during the irradiation of the benzaldehyde film
and glso identify the other products of reaction; the final
amount of benzoic acid produced was sbout 20% less than the
theoretical value, based on the decomposition of the benzaldehyde,
The physical measurements required a more oritical examination,
and more acourate measurements of the high potentials previously
recorded at the semiconductor surfaces in wet oxygen. It was
decided to compare the effect of benzaldehyde in activating the
germanium surface for rectifying contacts with its effeot on
surface recombination rate, using the photomagneto electrio effeoct.
It appeared likely that the new program of measurements might
provide further useful information on slow surface states at the
oxide-gas interface, and give a better evaluation of the
applicability of the benzaldehyde treatment to semioconduotor
devices. More detailed measurements of the photoelectric effect
in the presence of benzaldehyde were required, which might show
correlations with the chemical and physical data already obtained.

OUILINE OF THE EXPERIMENTS,

2,1. Chemioal work.

2.1,1. Following similar procedures to the earlier work,
gsingle orystal samples were used in all the e iments amnd
reactions were carried out on prepared (1.1.l.) surfaces in an
oxygen atmosphere. The area of orystal surface available for
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reaction varied between 1 cm2 and 3 cm2, depending on the sgmple
used, Both germanium and silicon crystal samples were available
for testing.

2.1,2, The main objectivea of the work were to confirm the
variation in the concentration of perbenzoic acid during the
oxidation of benzaldehyde and to identify, if posaible, the
other final reaction producte, apart from benzoioc acid.

2.1.3. The Final Report 1962 has described the estimation of
the total acid formed (computed as benzoic acid) by a titration

me thod. The reaction products were washed from the surface of
the germanium with acetone, and after admixture with water were
titrated electrometrically with sodium hydroxide solution. Rull
details are given in Sect. 3.3.7. and Sect. 3.5 of that report.
Typical titration curves, illustrated in Fig. 22 of the same
report, revealed the presence of two acidic ocomponents in the
product, as shown by a double inflection in the curve. The
doubl. inflection was most pronounced when titrating the products
of the first few minutes of irradiation and had completely
disappeared after 50 minutea of irradiation. Comparison with a
blank ourve ..d a curve for pure benzoic acid, suggested that the
aoid formed in the intermediate stages of the reaction was a
stronger acid, with an end point at a lower potential then benzoic
acid, It was concluded that the compound was probably perbenzoic
acid, as this was known to be the first stable product of irradiation.

2.1.4, It was decided to attempt to confirm the presence of

the two separate acide by an independent meti.od, and to observe
their variation in concentration as the reaction proceeded.

The only alternative method of carrying out this estimation

which was available (in view of the very small quantities
involved) was the gas chromatograph. However, as detailed in
Sect. 2.1,3. of Final Report 1962, we had experienced difficulties
in eatimating benzoic acid in oug apparatus, and had concluded
that high temperatures above 220 °C. were necegsary to obtain
elution of the acid in a reasonsble time. Oxidation of
benzaldehyde and decomposition of perbenzoic acid would both be
rapid at the high temperature, and it appeared unlikely that
meaningful figures would be easy to obtain. It was clear that
further investigation and development of the method for benzoic
acid on the gas chromatograph was essential before any further
progress could be made, In these investigations, the use of
shorter colums and different stationary ghases were investigated,
and it was found that temperatures of 220°C, or higher were not in
fact necessary.
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2.1.5. In Seoct. 5.2.11 of Final Report 1962, it was shown that
in the oxidation of benzaldehyde at an irradiated germenium
surface, the final amount of benzoic acid produced wes 23.5% less
than the theoretical value, based on the amount of bengaldehyde
congumed. It was considered that benzoin, dibenzoyl peroxide
and benzil were other possible products of the reaction. All
these compounds have high boiling points and it wag necessary

to operate the gas chromatography column above 200°C, to provide
a chance of eluting them within a reasonable time, The column
used for these experiments was shortened from 240 cm, to 60 om.,
which, together with a higher gas flow rate and the use of silicone
high vacuum grease as the stationary phase, greatly decreased the
retention time for compounds of low volatility.

2.1,6. For the detection of perbenzoic acid, benzoin,
dibenzoyl peroxide and benzil, the irradiated material was
washed from the crystal surface with small quantities of
ochloroform, not exceeding a total of 5 ml. The sclution volume
was standardized at 5 ml., in each experiment, as this was sbout
the minimum quantity which would ensure a complete washing of
the sample. [Even so, the sample concentration was rather small
considering that only 1 microlitre of solution could be injeoted
into the gas chromatograph; this increased the difficulty of
detecting minor constituents of the sample,

2.1.7. Other confirmatory chemical reactions were available

to support the gas chromatography work. For exgmple, the
liberation of iodine from acid potassium iodide solution would
show the presence of peroxides, i.e., perbenzoic acid early in

the irradiation period, or benzoyl peroxide in the final oxidation
products. Benzoin could be deteoted by the sensitive fluorescent
reactions with boron or silicon solutions. (7, 8, 9, 10.).

2.1.8. The ultra-violet radiation, in the range 365-366 my

was provided by a Hanovia 250 watt mercury lamp, fitted with a
double black glass filter. For the absolute measurement of
radiation intensity a chemical actinometer was used, utilizing

the isomerisation of o-mitrosobenzoic acid, which has a Qquantum
yield of 0.5. This megsurement is fully described in Sect. 3.3.8,
Final Report 1962. For routine purposes, radiation intensity was
usually measured with a photocell and microammeter.

2.1.9. All ohemical measurements were carried on the etched
surface of one mmple of n-type germanium crystal, as previous
work had revealed that the doping of the orystal or the
dislocation density had no significant effect on the progress
of the chemiocal reaction,
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2,2. Yhysicel Measurements.

2.2,1, A more detailed examination of the formation of the
high potentials, previously recorded during contact potential
measurements, was one of the main objectives of the physical
studies. It was also decided that it would be valuable to
measure the effect of benzaldehyde treatment on the surface
recombination rite at an etched surface; such data would be
complementary to the results of rectification measurements,
previously reported, and would provide additional evidence for
evaluating the benzaldehyde process for the final surface
treatment of semiconductor devices, Turther experiments were
required on the generation of photoelectric voltages at
rectifying point contacts in the presence of benzaldehyde: it
was considered that a theory which would explain the effects
produced might also be helful in v.rifying the chemical observations.

2.2.2, Because of the unusually high values recorded in

the contect potential experiments, some doubts were felt about
the method of generation of these potentials and their inter-
pretation. It was regarded as essential to make further

careful tests of the existir.g measuring equipment and to take
steps to obtain more acocurate apparatus, on which direct readings
of the polarity and magnitude of the voltages could be taken.

2.243, The original contact potential apparatus used a fixed
platinum reference electrode, very closely spaced from the

surface being measured. The potential picked up by the electrode
was fed into a vibrating capacitor, to convert it to an a.c.
voltage, following the technique of Pelevsky et al. (11), and

the voltage was amplified and displgyed on an oscilloacope.

This method of measurement was not direct- reading, nor was there
any direct indication of the polarity of the voltage; both
amplitude and polarity had to be determined by using a backing off
voltage from a potentiometer network. The response time of the
input circuit, including the backing off network, was slow, making
it difficult to follow a rapidly changing voltage.

2.2.4., A geries of repeat experiments was first carried
out on the original contact potential spparatus, following the
gsame technique descrived in Sect. 4.9, Final Report 1962.
Germanium surfaces were prepared by etching in sodium perborate
solution or CPI etch. (CPI etoh is prepared from 30 ml., conc. -
HF, 50 ml. conc. 30 ml. glacial acetic acid and 0.07 g.
The surfaces zere exposed to the well known dry oxygen -
wgt oxygen cycle, originated by Brattain and Bardeen (12, 13)
and potential changes were recorded; the effect of treating the
surface with an irradiated benzaldehyde film was also studied.
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As the results obtained were less promising than tlose obtained
in the first series of experiments, frrther work was continued
using commercial .quipnent, the E,I.L. Vibron Elecctrometer

Model 33C (manufactured by Electronic Instruments Ltd., Richmond,
Surrey, England).

2.2.5. A new electrode assenbly was used in conjunction with
the E.I.L. e¢lectroneter, This ingtrument was still not ideal
for this investigation, as it had a maximum reading of only one
volt, and therefore a backing-off circuit was still required:
while the high input impedance was useful, 1t produced a very
slow response to changes in the backing-off potential, A
further series of experiments was carried out with the E,I.L,
Model 33C to investigate methods of generating high potentials
at the electrcdes, and the effect of foreign particles in the
electrode gap (e.g. fibres and water droplets). Readings on
the &£,1.L. instrument were also comp.red direcctly with those
obtained on the original nieasuring equipment.

2.2.6, At the time the E.I.L. instrument was being used

there was no equipment on the market for the direct neasure-
ment of D.C. Egtentials up to 100 volts with an input resistance
of 1013 to 1016 ohms. One of the objectives of the new work
was to couple a direct-reading instrument to a recorder and
obtain more accurate records of the rise and decay of the
potentials as damp oxygen was introduced. Suitable equipment
was under development by both E.I,L. and Wayne-Kerr Ltd.,

(New Malden, Surrey, England) and steps were taken to obtain

the Wayne-Kerr Precision Electrometer M 141 as early as possible,
Unfortunately, due to production difficulties, this instrument
was not available until the last few wzeks of the contract,
although it was possible to carry cut a number of useful

rneas' re ents, inclnding trhe rate of generation and decay of the
surface potentials,

2:2.74 To provide further information on the effect of
benzaldehyde on surface properties, surface recombination rate
measurenent re carried out using the photoelectromagnetic
effect (14)?155 Thin sempies of germanium were provided with
two ohnic contacts on one face and the sample, with connecting
leads, was mounted in a block of "Araldite", lecaving the plain
face exposed. The exposed face was then ground and chemically
polished and the sample was mounted between the poles of a
permanent magnet. Illumination of the sample by a projector
lamp and measrrement of the open-circuit voltage enabled an
estimate of the surface recombination rate to be made. Further
meagsurements on the crystal surfaces after treatment with an
irradiated benzaldehyde film enabl.:d the possible effect of the
treatment on semiconductor devices to be evaluated,
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2.2.8, It was hoped thet a further study of the photoelectric
phenomena, observed at a point contact in the presence of
benzaldehyde, night provide additional information on the
chemical recctions which were being studied. Yfurther measure-
ments were carried out on the magnitude and duration of the
photoelectric currents obtained in the presence of benzaldehyde
and with the addition of various stabilizing compounds. The
theoretical explanation of the results obtained was correlated
with the informetion given by the chemical, contact rotential,
rectification and surface reccmbination measurerents,

EXPERIMENTAL DETAILS - CHEMICAL
3.1, Apparstus
3.1.1. Tre app-ratus used for the irradiation of samples

wes essentiglly the s-sme as previously described in Final
Report 1962, and is illustrated in Fig. 1. It consisted of a
polythene cont iner with a "Perspex" cover (transpurent to

366 mu radiation) and supported the prepared crystai sample

in a glass funnel, in a horizontal position., At the eud of the
reaction, a plug was removed from the lid of the vessel and
the filn of henzaldchyde was washed from the crystal surface
with solvent, using a glass syringe. The washings were
collected under the reaction vessel in a standard flask.
Oxygen was supplied through the 1lid and esceped via the funnel
tubulation.

3.1.2, A 250 watt Hanovia mercury lamp was placed vertically
above the reaction vessel, so that the distance between the
quartz burner and the sample surface was 30 cm, in each
experiment, A double black glassfilter was fitted to the lanp
shield and transmitted radiation almost exclusively in the
365-366 mt region. The lamp was run for about 15 minutes before
the start of each experiment, so that stable operating conditions
were attained, and forced air cooling was used to avoid any
erratic behaviour of the mercury arc due to overheating.
Comparative readings of the larmp output were rade before each
experiment with a photoelectric illumination meter, G.E.C,

type M.903, which uses a selenium photocell, These readings
could be referred to absolute meas:irements, determined by a
chemical actinometer, using the isomerisation reaction of o -
nitrobenzaldehyde to 0 - nitrosobenzoic acid. The absolute
measurecents are described in detail in Final Report 1962,

Sect. 3%.3.8. and Sect. 3.6.

3.1.3, The gas chromatographic equipment was the same

as employed for the previous work, anc consisted of a 240 cm.
column, 4 to 5 nm. internal diameter, packed with 60-80 mesh
celite, impregnated with the stationary phase.
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The stationary phase was varied to suit the tesperature and

the separation required, For all terperatues up to about
200°C, 15% Apiezon M grease was a good general-purpose material
on 60-80 mesh celite: for temperatures above 200°C, and if

a smgller retention time was required, 15% silicone high-vacuum
grease was found to be useful., The column length could be
reduced to 180 cm,, 120 cm, or 60 em., a8 required, to decrease
the retention time for compounds with low volatilities. The
terperature of the column was controlled by a vapour jacket
using a liquid of suitable boiling point. Samples of liquid,
up to 1 ul in volume were injected at the start of the column
through a serum cap of silicone rubber and into a flash heater,
operating at about 180°C. The carrier gas was argon and the
detector was a standard argon ionization (Lovelock) pattern,
operating at 1500 v. and feeding an amplifier and pen recorden

3.2 Materials

3.2.1, In most of the experiments, benzaldehyde, Analar
grade, as manufactured by British Drug Houses was used, The
earlier work on the rate of formation of benzoic acid, as
reported in Sect, 3.3, Final Report 1962, had called for some
purification of the benzaldehyde, to eliminate possible traces
ofstabilizers, The benzaldehyde had been redistilled in a
stream of deoxygenated hydrogen and stored in a tightly
stoppered brown glass bottle, in the dark, before being used,

It bad been found, however, that under the conditions of our
experiments ,the purification had no significant influence on

the reaction kinetics: this was undoubtedly due to the predominant
influence of the surface as a recombination region for the

free radicals formed during irrediation. For the study of the
composition of the final reaction products, it was not,
therefore, considered necessary to make any further purification.

3.2.2. All experimentswere carried out on a prepared
(1.1.1,) plane of an n-type germanium crystal sample,
resistivity 2.5 ohm-cm,, antimony doped. The area of the
crystal surface was approximately 4 cm?, After cutting, the
surface was first ground with 250 mesh carborundum, then

600 mesh carborundum. A clean etched surface was obtained by
placing the samplc in a mixture of 20 ml., water and 5 g.
sodium perborate and heating to about 80°C for 5 minutes.
This procedure provided an unconteminated surface by etching
away a thin layer of material without excessive polishing
action or formation of a thick oxide film,

3.2.3. Previous work had shown that the course of the
reaction was not influenced by the conductivity type of the
germanium or the surface preparation, so mo variations in
the test sample were made in the present work.




3¢ 3, Procedure
3.3.1, The crystal surface was prepared as described in

Sect, 3.2,2., and the sarple placed in position in the reaction
vessel, The trarsparent lid was fitted and the oxygen flowv
sterted at & rate of abcut 500 rl./i.in. The U.V, lamp was
switcled on for 15 rinutes, to reach a stable oper.ting
temperature, and the radiation was  easured.

3.3%.2, Thie benzaldeiyde semple wes then adced to the
surface from e micro-pipette, by removing the plug in the
lid, A sasple volume of 0.05 nl. was correct for providing a
thin fiim over the whole surface of the sariple, whose area
was 4 cml, -

3. 3.3, At the end ot the irradiation time, the lamp was
switched off and the organic materiasl was rapidly washed from
the crystal surface with four 1 ml. portions of chlorofcrm from
a glass syringe, the washings being collected in a 5 uml.
calibrated flask below the funnel. The present work was
concerned with identifying perbenzoic acid and looking for other
final oxidation products, such as henzcin, btenzil or henzoyl
peroxide, and it was not considered to be desirable to rnake

any addition of hydroquinone tc the sample. This compound

had been added when estimations of uenzaldeiyde and benzoic
acid were being made, to suppress any further oxidation of the
benzaldehyde after the experiment: it was considered that in
the present work it might give rise to undesirable side
reactions. ‘the volume of sauple was .ade up to 5 ml. with
chloroform in each case,

3. 3.4, A 1 pl, sarple was taken by a Hanilton microsyringe
from each sclution and injected into the gas chroratograph.

A sarple of 1pl, is normelly regarded as large by gas
chroretopraphic stianderds and most crganic compcunds will give
& very high outpout at the detector for this concentration:
larger sanples tend to overlioad the conventional analytical
colu'n and produce a broadening of the peaks and poor peak
sepsrutions, However, in the present estimctions, the
sanples were considersbly diluted in preparation. No more
than 0,05 ml, of benzaldehyde cculd be used to provide the
thin film on the area of crystal surface available, and no
less than 3 or 4 ml. of solvent could be employed for washing
purposes, to ensure the removal of all the sample. The low
concentration of the sample end the known low sensitivity of
the detector to certain organic species (e.g. benzoic acid)
added to the difficulties of detecting the compounds we

were seeking.
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3.4, Detection of benzoic goid on_ the xgas chromatograph.

3.4.1. It was clear, from our previous difficulties in
detecting benzoic acid in the irradiated samples on the gas
chromatograph, that some devdopment of the technique was needed
before we could proceed to look for other compounds. As
desoribed in Final Report 1962, Sect. 2.1.3, it appeared that

a high column temperature of about 220°¢, was required to elute
benzoic acid within a reasonsble time, at the argon flow of

28 ml./min. then being used. Under these conditions,

a small peak with a retention of time of about 50 minutes had been
attributed to benzoic acid. The height of the pesk was very
small, partly due to the spreading of the zone by diffusion
during the long refention on the colurm, and the identification
was very inconclusive. At the high temperature there was little
separation of the chloroform, benzaeldehyde, or the marker
compound, o-dichlorobenzene, and these all appeared olose to

the start of the chromatogram.

3.4,2. More experiments were carried out on the standard
240 om. colum, packed with 60 - 80 mesh celiteél5°/'o Apiegon M
es stationary phase and at a temperature of 212°C. Samples of
a saturated methanol solution of benzoic acid were added;

apart from the large solvent peask at the beginning, no
significant peaks whioh might be attributed to the aecid were
found after 60 minutes elution, using a gaa flow of 28 ml./min.

3ede3s The column temperature was then reduced to 110°c,
(using toluene for the vapour jacket), in case we had under-
estimated the volatility of benzoic acid at this temperaturej
(the boiling point is 249°C.). Immediately, more promising
results were obtained and well-defined peaks were observed.
The elution time for benzoic acid at this temperature was only
slightly longer than that of the standard substance o-
diohlorobenzene, which is clear from a comparison of the
chromatogram in Fig. 2 with that in Fig. 3, vhioh is for a
benzaldehyde estimation on the same time scale.

3044, However, Fig. 3 and similar chromatograms for samples
with long irradiation periods, showed no indication of benzoio
acid peaks at the appropriate place, even when the maximum
sensitivity of the apparatus was employed. At maximum
sensitivity some base line irregularities were alweys present,
and, therefore, small peaks would not easily be detected.

It was concluded that while benzoic aoid was eluted in a
normel manner at a colum temperature of 110°C,, the
gsenaitivity of the detector was very low for this compound,
making detection very diffioult in the small samples used for
our experiments. In contrast, the sensitivity for
benzaldehyde is very good and the reason for the very large
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gsensitivity difierence for a very small change in structure
is not clear,

345 Detection of perbenzoic acid on the gas
chromatograph

It was likely that perbenzoic ncid i:ight have a
volatility similar fo or higher than that of benzoic acid, (its
melting point is 43 C) and so the sane oper~ting conditions
at 110°C werc used for the gas chromatography column. Apcrt
from the possible low sensitivity, other difficulties were
expected becausg of the instability and recctivity of the
compound at 110 C: a lower temper.ture was not desirable, as
this would increase the retention tire, during which reaction
with the cclumn packing could take place.

3.5.2, A nunber of sanples were vrepared by irradiating
benzaldehyde for short periods on the crystal surface. Irradia-
tion times of 2 to 5 rinutes were in the region where the
concentration of the per-acid appeared to reach a naximum,

Nco peaks which cculd be attributed to perbenzoic acid or
benzoic acid could be found., It was shown that these samples
contained an oxidising agent, probably the per-acid, by mixing
with an acetone-water mixture ccntaining a little acidified
potassiun iodide and starch scluticns: the liberat:on of
iodine by the oxidising agent was indicated by the blue

cclour produced.

3.6. Detection of final oxidation products on the
gas chromatograph

3.6.1, Published infcrm~tior suggested thut in addition
Yo benzoic agid, benzil and dibenzovl peroxide we e possible
final products of the oxidation of benzaldehyde, and there
wag also some probability of benzeoin being formed.

3.6.2. Of these compounds, benzil boils at 54800, benzoin
at éAA C and dibenzoyl peroxide decomposes on Lelting at
105°C, A short, high teuperature column was required for

this work, and it was therefore shcrtened to 60 cm, The
column was packed with 15% silicone high vacuum grease

on 60-80 mesh celite as the stationary phase, and the
temperature raised to 21300 (ethyl benzoate ag the bciling
liquid). The short column enabled a higher flow rate of the
carrier gas of 4C ml/min.to be used, without any large pressure
differertial across the column.
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3.6.3. Evidently dibenzoyl peroxide would decompose on
injection into the column, but could be identifigd by
emerging as benzoic anhydride, boiling point 360°C.

Samples which had bzen irrediated for about 60 minutes to

give an almost complete reaction were injected into the
colum, in benzene solution. In none of the experiments were
any pesks attributable to compounds of high boiling point
discovered. Each chromatogram rsn for a period of about

2 hours, It was considered to be unlikely that all the
compounds being sought would have very low detection
efficiencies in the mamner of benzoic acid, and the most likely
reason for the failure was the low volatility at 213°C.

3.6.4. The upper limit of operation of the existing
chromatograph was about 250°C. for various reasons connected
with the vapour jacket dgaign, and it appeared that a
temperature of about 300 C.might be geeded. n sttempt was
made to reduce retention time at 213°C. by using a glass bead
colum, congisting of 0,177 mm. (A.S.T.M. Grade 80) beads coated
with 0.06% by weight of Apiezon M grease. Glass beed ocolums
have been recommended for giving shorter retention times and
sharper peeks, without lose of resolution (16, 17, 18).

However, we experienced difficulty with blockages in these
columns, except at extremely small concentrations of stationary
phase, and the columns appeared to be overloaded by 1 pl samples,

3.7. Detection of final oxidation products by chemiocgl methods,

3.7.1. The gas chromatographic approach having proved
unsatisfactory, chemical methods of detection were used,

M oxidising agent was shown to be present in the solid product
of 120 minutes irradiation of benzaldehyde, by a red coloration
in the ferrpus thiocyanate test. Perbenzoic acid had
disappeared after this period of irradiation, and the reaction
was most likely to have been produced by dibenzoyl peroxide.

A solution of the final product in acetone, when added to an
acidified potassium iodide solution containing starch, gave
gome blue colorstion, also indicating the preasence of an
oxidizing agent.

3eTe2 To attempt some isolation of the possible constituents
of the mixture, a separation by paper chromatography was attempted,
but no separate zones due to benzil or benzoin could be detected.

A pensitive chemical test for benzil consisted of treating some

of the solid product with one pellet of potassium hydroxide

end a few drops of agbsolute aloohol and warming in a poroelain
dish: after heating, the remains of the potessium hydroxide pellet
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were removed and & few drops of conocentrated sulphuric acid
added. A pink or red colorstion is given in this teat by
traces of benzil, due to the formation of benzilic acid, but no
such colour was found from our semples. Benzoin also gives
thie reaction, and the negative result appeared to exclude the
pregence of both benzil and benzoin,

3eTe30 Benzoin gives a very sensitive fluorescent reaction
with solutions of sodium borate in alcohol solution, with & sodium
hydroxide buffer at pH 12, or in formamide solution with isobutyl
amine as the base. It also reacts with solutions of sodium
gilicate, to give a fluorescence in the presence of sodium
hydroxide and mannitol. Negative results were obtained from
these reactions, but the failure could have been due to the
presence of the oxidizing sgent, which could easily quench the
fluorescent reaction.

3.7.4, It was concluded that only dibenzoyl peroxide could be
identified as a possible constituent of the irradiation products,
apart from benzoic acid.

3.8. Determination of perbenzoic acid.

3.8.,1, To obmin some ideg of the variation of the perbenszoic
acid concentration during the oxidation reaction, we can refer
back to the electrometric titration experiments described in
Final Report 1962, Sects. 3.3.7. end 3.5. Fig. 4, reproduced
from this report, shows a set of typical electrometric titration
curves for samples with various irrediastion times. The two
points of infleotion show the presence of two acidic species,
one of which decreases in concentration as the irradiation
proceeds, and has virtually disappeared in 50 minutes. The
knowvm data on the benzaldehyde oxidation suggest that the unstable
acid is in fact perbenzoic acid.

3.8.2. Fig. 5. shows the change of concentration of perbenzoic
acid, starting 3 minutes after the commencement of irradiation,
computed from geveral sets of titration curves. The
concentrations are expressed as a percentage of the maximum
possible theoretiocal value.
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14.

EXPERIMENTAL DETAILS: PHYSICAL

4,1, Contact potential tests

4.1.1, Apparatus The apparatus used in the iirst part

of this program was the same as that described in Final Report
1962, Sect. 4.9.1. The electrode acsembly is shown in

Fig. 6, and consisted of a platinum reference electrode,
supported by a large insulator, and an adjustable brass
platform to supnort the semiconductor sample, the whole
assembly being mounted on a retal base-plate and enclosed in
a screening cover., The platinum electrode was about

2 cem? in area, and made from expanded mesh, fixed to a platinum
wire frawe, "The arplifier used to detect the potentials was
fully described in Final Heport 1962 Sect. 4.9.1, and the
circuit diagram is reproduced in Fig. 7. Later, a comwercial
amplifier, the E.I,L, Vibron Electrcmeter, Model 33C with
A33C probe unit was used. This instrument had the advantage
of giving direct readings oflgoltage and polarity with a high
input resistance of sbcut 10°° ohms (cowmpared with 1011 ohrs
in the original apparatis). Hcwever, the readings were
limited to a zaximvm of 1 volt and for higher valies, a
backing-off c:rcuit had once a ain to be emplosed. Another
electrode assembly was used in conjunction with the E.I.L.
Model 33C, to provide a finer control of the electrode
spacing, The asserbly is shown in Fig.8,and was designed to
mount directly on the top of the A33C external probe unit of
the Model 33C., In this way, stray capacitance and pick-up
from connecting leads was eliminated. The germanium vas
mounted at the "hot" terminal of the probe, on a ball joint,
to allow the top surface of the crystal to be rade exactly
parailel to the reference electrode. The reference elctrode,
& gold-plated or rhodiur~plated hrass disc, was at earth
potential and mounted on a fine screw to allow very accurate
control of the electrode spaciig. The lodel 33C had the
disadvantages, in addition to the low maximum veltage
reading, of a feirly high input capacitance of 30 pf., and

a ratlier slow response time of up to 30 seconds. Towards

the end of the program, a /ayne-Kerr Precision Electrometer M.141
was uge’ for .easureirents: this instriment had the adv-ntages
of a siuilar bigh inpvt irpedance of 1016 ohnis, low input
cepacitance of 3 pf, & fast response time of 1 to 2 seconds
ard a i aximun reading of 10 velts (or vp to 1000 volts with
a wultiplier prote of increased input capacitance of 100 pf).
The M,141 could he vsed in conjunctior with o "Hi=-Speed”
Ciart recorder (rade by Control Instruments Ltd., 3:rkenhead,
England) to give direct recordings of the growth and decay

of potertials.

2,1,2, Procedure

A bloc: of single crystal uaterial was cut with
two reasonably paraliel faces, which were then snoothed with
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250 meah, folliowed by 600 mesh ccrboruncum, One surface

was copper-ploted, to provide a base contact, vvhile the
oprosite surfuce vas etched in g variety of etching nixtures,
as required. In some experiments, a ground svrface was used
as a base contact, and no undesirable effects could be
attribrted te this rethod. Soldered base centocts to a

flying lead were cmployed in the previouvs work, described

in Final Report 1962, Sect, 4.9.2, bit these nmede the mounting
of semples ;.ore¢ difficult and were abendoned early in the
present strics of experirents: no significant differences

were detected in the results obtained with or withcut the
soldered centmcts. The spscing between the reference
electrode and the cryst 1 surface 'ras usually made as closc

as possible, and was adjusted to swbout 0.2 mm. The whole
electrode asscibly was enclosed in the metal screening cover,
to exclude stray electrostatic fields, although in the
laboratory-constructed equipment it was not possible to

obtain complete screening, as about 10 cu, of connecting wire
was used betwecen the elctrode and the amplifier, With the
E.I.L, Mcdel 33C, the electrode assembly was built on to the
probe and with the Wayne-Kerr M.1l41, o short piece of special
screened lead was used for conrection to a coaxial plug; in
these cases almost complete screening was obtained. The space
around tae eiectrode assembly was flushed with dry oxygen at

a flow rate cof about 1.5 litres per rinute, and the measiring
equipment was switched on t o attain a stable working condition.
Moisture was introduced as required by switching the gas stream
through a water bubbler: this introduced approximctely

0.015 g. Hy0 per litre of gas. Chaert recordings of the
variation of potentirl with tire were made by coupling a
Hi~Speed potentiometric recorder (ranufactured by Control Instrments)
to the wWayne-Kerr M.141

4.2, Confirmatory experiments on earlier potential
easurenents

4,2.1, In view of the unusually high values obtained in the
earlier contact potential measurenents, deteiled in Final

Report 1962, Sect.4.10, it was decided to carry out a scries

of similar mecsurements with the sume equipment for

confirmatory purposes, These scasurenents ere not so detciled
as the earlier series and were designed only to confirr. the high
voltages obtainzble end to lock for any spurious effects which
might give rise to such values.

4.2.2, The pletinum reference electrode was set to a

spacing of abtout 0,2 mm, in each case, as this had previously

been found to be a suitable value. A fresh surface was pre-

pered on the germanium crystal for each exp.riment by treating with
CPI etch. In dry oxygen, apperent contact potentials of

between O and 80 mV were recorded, but it should be renmembered

that this value included ar internal contact potential of about

30 mV from the apparatus, which probably varicd fron time to time.

S
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Such variations vere of no significance in deteriining the
validity of potentials in the 10 to 100 volt range.

4.2,3, To test the possibility that the restlts obtained
might be affected by the presence of foreign uatter, (e.g.
fibres) on the surface of the platinum mesh, the platinum

was heated to a bright red heat in a bunsen ‘urner before
being used for this series of experiments. This treatment
wovld have burned away any organic fibres and volatilized uwany
possible adsorbed chenical compounds. The platinum was
subsequently handled with great care, using tweezers only,

and kept always under cover, to prevent any deposition of

dust or fibres.,

4.2.4. lhe potentials obtained in this series of experiments
were more unpredictable than those in the earlier experiments,
and for some time no poteniials higher than about 2 V were
recorded. Later, maximum readings of 32 volts and 15.5 volts
were recorded on two consecutive runs. The appearance of

these potentials could not be correlated in any way with the
surface preparation of the sample, theexperimental conditions
or any defects in the reasuring equipment.

4.2.5. The lack of success in obtaining high potentials
was at one stage suspected to be the result of having heated
the platinum to a high tenperature. It is well 'nown that
hydrogen, if adsorbed in atomic form, may lower tlLe work
finction of platinium by 2 velts or more \1Y) and it has been
found that the correct value of 6.3 volts is only obtainable
after very carefnl out-gassing (20 . The platinum electrode
was therefore cathodically reduced in dilute sulphuric acid
at a current of 3A for some time, and carefully washed and
dried before continuing with the experirents. No immediste
increase in the potentials obtained was noted, but after
several runs had been curried out, the high values of 32 volts,
and 15,5 volts were found on two consecutive occasions. This
success could not be repeated, however, and no effect of

the exposure of the crystal surface to an irradiated film

of benzaldehyde could be demonstrated. The effect of ammonia
gas was investigated in one experiment by bubbling the oxygen
through 0,880 ammonia solution. The figures obtained in

some of these experiments are tabulated below., All voltages
were neasured by the null method on a potentiometer, and

were always found to be positive. A blank test, using a
brass block instead of the germanium sample, in wet oxygen
gave a constant reading of only about 20 mV,
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4.2.6, Contact potential readings, (1.1.1.) surface of

4 ohm.cm n-type Ge
Electrode spacing 0.2 mm

Expt Run Ireatment of surface Time Voltage Remarks
No. No. nins +
1 1 Perborate etch 0 0,08 Dry 0o
4 1,0 Vet 02
10 0.9
2 Left for 60 nins in 0 0.08 Dry 05
dry atomosphere 1 0.8
2 l.6
3 1.9
4 1.85
5 1.8
8 1.7
9 1.6
11 1.5
15 1.4
17 1,2
21 1.1
25 1.0
32 0.9
39 0.8
56 0.7
93 0.63 Dry 0,
83,5 0.08
98 0.5
99 0.55
101 0,58
103 0.59
108 0.61
116 0.65
3 Left for 16 Lrs in dry 0 0.04 Dry O2
atmogphere 1 0.6
1.5 1.2
2 1.6
3 1.8
4 1.8
5 107
6 1.6
T 1.6
9 1.5
11 1.3
13 1,2
16 1,1
19 1.0
21 0.9
23 0.8
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Expt Run ireatment of surface Time Voltage Remarks
No. No. iins +
1 3 29 0.7
34 0.6
44 0.5
63 0.4
111 0.35
171 0.33 Dry O,
172 0.04
2 1 Benzaldehyde + U,V, 0 0.03 Dry 02
Light for 10 minutes 2 0.5 wet O2
3 0.5
7 0.4
11 C.3
3 1l Re-etched in CPI 0 0.01 Dry O2
1.5 0.7 wet 02
2.5 1,0
4 1.15
5 1.1
A Tl
8 1.0
11 0.7
13 0,6
16 0.5
20 0.4
24 0.35
30 0.3
60 0,27
80 0.25 Dy O,
81 0,07
2 Pt-electrode cathodically
reduced at 3A in H2804 0 (,035 Dry O2
soln, 1 5.8 et 02
2 _. e
3 1.7
6 2.1
1 “e3
9 “e D
2 .S
15 1.4
17 1.3
23 1.2
28 1.1
31 1.0
32 1.0 Dry 0,
34 0.045
37 0,045 Wet O,
38 0,2
42 0.045
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Treatment of surface Time Voltage Remarks
Mins +
lLeft for 3 hrs in dry 0 0.01 Dry O2
atmosphere 1l 0.5 et O2
2 0,6
3 0.7
7 0.8
9 0.7
11 0.6
13 G.5
Benzaldehyde + U.V. 0 0.0 Dry O2
light for 10 minutes 3 0.2 Wet O
4 0.3
5 0.4
7 0.9
9 0.65
11 0.65
13 0.7
18 0.65
22 0.65
Re-etched in CPI 0 0.01 Dry O2
2 0.06 O2 through
12 0.06 0.880 NH3
solution?
13 0.01 Dry O2
23 0.01
24 0.3 Vet 02
30 32.0
35 32.0
41 30,0
48 24.3
51 22.5
59 16.8
63 15,0
74 12,0
Left for 16 hrs, in 0 0.0 Dry 0,
dry atuosphere 0.5 0.1 Wet O2
1.5 93
4 15.0
7 15.5
8 15,0
14 93
18 Te5
20 6.0
26 4.5
39 3.0
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Expt. Run Treetment of surface Time Voltage Remarks
No. No. Mins +
6 1 Benzaldehyde + U.V. 0 0.0 Dry 0,
light for 10 minutes 2 0.02 Vet 02
5 0,02
10 0.02
2 Left for 50 mins in dry O 0.0 Lry 02
atomosphere 1 0.4 et 02
2 1.0
2.5 1.5
3 1.8
4 2.0
5 2.1
8 2.4
12 2.3
14 2.3
16 2.2
17 0,02 Dry O2
46 0.01
50 0.02 02 through
55 0,02 0,880
NH, sclution
59  0.0L Drj O,
3 Left for 2% hrs. in 0 0.0 Dry O,
dry atmosphere 1 0.4 wet O2
3 2.9
4 4.7
7 5+5
9 5¢5
12 563
16 5.1
7 1 Re-etched in CPI 0 0.0l Dry O2
Pt-c¢lectrode anodically 1 1.7 Wet 02
oxidized at 3A in 5 1.5
H280 soln, 10 0
4
8 1 Re-e¢tched in CPI 0 0.0 Dry 02
1 0.0 Wet O2
5 0.01
10 0.01
2 Pt-electrode cathodi- 0 0.0 Dry O2
cally reduced at 3A 1 0.0 et O2
in H2804 6 0.0
‘ 10 0,01
3 Pt and Ge exposed to 0 0.0 Dry O2
NH3 before test 2 0.01 et 02
15 0.01
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4.3 Potential measurements with the E.I.L. Model 33C
4.3.1, The expericents described in the foregoing section

demonstrated the non-reproducible nature of the results obtain-
able with the existing apparat's. A direct-reading commercial
instruzent, the E,I.L., Model 3%3C was, therefore, ohtained and
further reasurenents were carried out.

4.3.2. The new electrode assenbly shown in r'ig, 5 was used,
and fixed directly to the A33C external probe unit: with this
gystem there was very little stray capacity and all the
electrodes end connections were completely screened. Two
windows, cut in the wall of the appuratus allowed easy &access
to the electrodes: dvring the measureuents, these windows
were klocked by a sliding brass collar, thus coupleting the
earthed screen around the whole asserbly.

4.3.3, The first step was to establish the relation between
the readings obtainable on the o0ld apparatus and the readings
on theE.I.L. Mcdel 33C. A series of measurements was carried
out with the electrode assembly, containing a germanium sample,
connected to both sets of neasuring equipment. It was shown
that there was some interaction between the two and the E,I,L,
instrument did not respond correctly to increments of the
backing~off voltage, apprlied to the first instrument by a
potentioreter. Fowever, when the backing-oif voltage was adjusted
to give a zero reading on both instruments, the poteutiometer
reading agreed very we'.l, in every ins-ance, with the direct
reading of the E,I.L, icdel 33C, when used alone, 'lhus

there was no serious disagreerent in the values given by the
twe instru.ents,

4.3.4, The backing-off circuit was the parallel fype,

used originally, and illustrated in fig. 9, :e also tried the
classical, series backing-off circuit, as shown in Fig. 10,
and found this to give sctisisctory results, although it had
proved unsatisfactor; in our ecrly experi.ents. The response
time of the series hacking-off circuit when used with the &.I.L.
Model 33C, was in the region of 1 or 2 minutes, so that the
measurement of transients, or even slow changes in potential
teking & few seconds, was impossible for potentials in excess
of 1 volt. For the direct reading of potential up to 1 volt,
the response tive was 20 to 30 seconds. A co.parison of the
merits and sources of error of the backing-off circuits is
discussed later in Sect, 6.,4. A sample of 4 ohm-cm., n-type,
(1.1.1) crystal was used ior these tests.
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4,3.5. A large nurber of potential measurenents of the
Ge/ambient/Au and Ge/ambient/Rh system were made using the
normal dry and wet oxygen cycle. A considerable amount of
care was taken to ensure that the germanium and reference
electrode surfaces were free from any contamination, and the
electrode spacing was carefully adjusted to the region of
0.1 to 0.2 mm,

4.3.6, To determine vlether high potentials were associated
with a particular type of surface prepar: tion, a wider range
of surface treatments was invesiigated. These were:

21; Ground surface witn 600 mesh carborundum.
2) Chemical polish, using CPI or CP4A etch.
(CP2A etch is mede frou 3 perts HF + 5 perts
HNO, + 3 parts H.Ac.)
(3) DisTocation etching, using W.Ag ¢tch
(7.Ag etch is made from 2 perts HF + 1 part
HNO, + 2 parts 5% AgNo3 soln).
; Anodic polerizetion in’10% H,S0,,
Anodic polarization in 10% naor?
g Cathodic polarization in 107 H,S0,, HC1 or HF solutions.
') Cathodic polariza ion in 10/ NaOH.

HC1 or HF solutions.

NN
-~ O\ S

4.3.7. In other experiments, the specimen, after the chemical
surfacg prepargtion, was placed for long pericds in & vacuum

at 1077 to 107" mm, Hg pressure, before being tested. In some
cases the specimen was heated to abcut 150°C during vacuum
treatment, by an infra-red lamp, to help drive off adsorbed
volatile commounds, particularly water.

4.3.8, The potentials obtained in this s«ries of experiments
tended to be very variable and non-reproducible and were usually
in the range 30-100 mV, There was some evidence to s ggest

that nmore than one potential gradient wes present: if the
electrode system was al.owed to reach a steady state, for a
particular spacing, it was found that decreasing the spacing
rapidly would then cause the potential tc decrease and actually
reverse polarity. No significant difference was obsecrved
between any of the many treatments described in the previous

two paragraphs.,

4,3,9, The introduction of a drop of distil:ed water between
the germanium surface and the reference electrode was found

to give a i mediate potential of about 500 mV, and this
potential was rapidly and reproducibly regererated after
momentarily short-circuiting the electrodes. Potentials in this
region had been obtained at infreq.ent intervals tihroughout thre
series of experi.ents, but cculd not be correlated with surface
treatment or the exp:rimental conditions., The voltage
developed across the water drop was independent of the cross-
sectional area, sugseSting & possibility that potentials of the
order cof 500 mV might have been provided by the bridging of the
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electrode gap by minute whiskers or dust particles. Some

tests were carried out, introducing a few filter paper

fibres in the 0,2 mm, gap between the electrodes, and measur-
ing the potential obtained in wet oxygeny reedings of about
500 mV were obtained in every case, The rate of recovery

of the potential after short circuiting the electrodes varied
eonsiderably, and appeared to depend on the conductivity of the
fibres: typical recovery times were 5 to 30 seconds.

4,3.10. During the whcle series of experiments there was

only one example of a high potential being recorded., On

this occasion, both the old and the new measuring equipment

were connected together and without any backing-off potential the
E.I.L, Model 33C was reading oft-scale at + 1 volt, Application
of the backing-off potential from the potentiometer system
enabled both instruments to be brought to zero, when it was
noted that the required potential wes -30 volts. The usual
short-circuit tests were carried out to make sure that there

was no charge accumulation on the slectrode, and the potential
returned to the high wvalue each time. The voltage gradually
decayed with time in the same manner we had observed frequently
in the earlier work.

4.4, Potentiasl measurements with the Wayne~-Kerr M,141

4,4,1, Measurements were contined with the Wayne-Kerr M.141
Precigion Electroneter, in the hope of raking direct readings
of poterntials greater than 1 volt and of detecting any

voltage transients, which could be observed on an instrument
with & response time of about 1 second. The original
electrode asseubly (Fig. 6) was used, connected to the
Weyne-Kerr by a short length of special non-static co-axial
cable: the cable screening was connected to the guard

terminal of the instrunent, so that it contributed little to
the input capacitance,

4.4.2, A series of measurements on a 2.5 ohm-cm n-type crystal
was carried out in the usual way in dry and wet oxygen, for

the Ge/ambient/Pt system, generally using perborate or CPI
etches for surface preparation. Variable potentials between
about +50 and +500 mV were usually obtained. However, there
were occasional exceptions to this rule. In one experiment,

a consistent +530 mV, was obtained, recovering rapidly each

time the electrodes were short-circuited. The electrode gap of -
0.3 mm. was examined very carefully with a lens, using strong
background illumination, but no trace of microscopic fibres in
the gap could be seen. In another experiment, a high voltage,

in excess of 10 volts, developed abcut 1 minute after the
introduction of wet oxygen to the apparatus. Unfortunately, the
X100 probe was not connected at this time and the exact value

of the voltage could not be obtained. The electrodes were
short-circuited several times, to1emove any stoared charge,

but the potential returned rapidly to over 10 volts. The
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voltage had decayed below 10 volis in ebcut 10 minutes and

was clearly following the familiar decay curve obtained in
earlier experinents. This sammle was allowed to stand for

90 minutes in dry air, inside -he screening cover, and then

a8 further treatment with wet oxygen :as given, this time with
the X 100 probe connected to the meter: no repetition of the
high voltage could be obtained, however. A close examnination
of the electrode system with a lens showed & very small fibre
attached to the platinum, but apparently not bridging the

gap; this may have had no connection with the results obtained.

4,4,3, Among the special tests carried out in this series
were the introduction of cotton fibres into the electrode

gap and the separation of the elctrodes by a 1 mil. polythene
film: measurenents were also rade in oxygen conteining ammonisa,
diethyl ether or wmethanol vapours. The measureuents in

the presence of cotton fibres gave fairly consistent readings
in wet oxygen of between 500 and 600 mV: the introduction of
ammonia raised the potential to the 700 to 800 mV region,
while diethyl ether and methanol gave much lower values.

The voltages obtained with the polythene film spacer were very
variable and both positive and negative potentials were
obtained, probably due to a combination of resistive and
capacitative effects. The electrodes and the polythene

were only loosely in contact, and there was ample space for
the diffusion of water vapour to the surface of the crystal.
The figures obtained in all these measurements are detailed
in the table below.

4.4.4, Potentiel read:ngs (1,1,1) surface of 2.5 ohm-cmn-gxfe
: Ge,rlectrode specing O, mm (unless otherwise stated

Expt Run  TIreatment of surface Max. Remarks
No. No. Vol tage
+
1 1 Pt. electrode cathodi- Load resistor
cally reduced at 34 in 2,5x1010 ohms,
H,S0, soln : blectrode spacing
2774
0.3 mm.

Ge ground on 600 mesh
carborundum, etched

in perborate. 0,050 Dry 0
0.530 Wet 0p
2 5 mins, in dry 02 0.050 Dry 0o

0.510 Wet Op
Electrode gap exam-
ined for fibres, but
none detected.
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Expt. Run  Treatment of surface Max, Remarks
No. No. Vol tage
+
3 10 mins. in dry air 0,015 Dry air
0.055 Dry O2
0.057 Vet 0,
4 40 mins. in dry air
Pt-electrode cathodi-
cally reduced at 3A in
H2SO4 soln, for 30 mins. 0.033 Dry air
0.110 Dry 02
0.130 Wet 0,. Voltage
fell rapidly
2 1 Re-~-etched in CPI
Baked gn hot-plate
at 150°C for 3 mins, 0.070 Dry 02
0.130 Wet O2
3 1 Re-ground on 303%% Aloxite
Btched in perborate 0,080 Dry O2
0.150 Wet O, Voltage fell
rapidly
2 Baked gn & hot plate
at 200°C for 5 mins 0.080 Dry O2
0.030 et 02. Falling to
0,015
4 l Re-etched in perborate
+ ammonia. 0.070 Dry O2
0.110 Wet O,. Voltage
fell rapidly
2 Left for 2 dgys in
dry atmosphere 0.070 Dry 02
0.060

Wet 02
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Expt. Run Treatment of surface Max, Remarks
No. No. Voltage
+
5 1 Re-etched in CPI 0.040 Dry 02
0,300 et O2
2 Left for 20 mins in dry
air 0.040 Dry sir
0.100 Dry 0,
0. 360 Wet 0
6 1 Benzsldehyde + U.V, 0.095 Dry 0,
Light for 10 mins., 0.120 Yet O2
7 1l Ground on 280 mesh car-
borundum, cleaned with
water and soap, but not
etched. 0,010 Dry air
0.030 Dry O, Rising to
0,060%in 5 mines.
0.090 Wet O2
8 1 Etched in perborate 0,050 Dry 02
-0,010 et O2
9 1 Re-ground on 600 mesh
carborundum and 30%%
Aloxite, Etched in
perborate 0.040 Dry 02
0.110 Wet O2
2 Left for 20 mins. in
dry air 0.090 Dry 02
0.100 Wet 02
10 1 Re~etched in CPI 0.03%0 Dry O2
0.180 Wet 02
11 1l Re-etched in W-Ag 0.045 Dry 02
0.080 Wet 02
2 Ge exposed to NH 0.070 Dry O2
vapour before test, 0.080 et 02
12 1 Re-etched in CPI
Cotton fibres placed in
electrode gap 0.030 Dry 02
0.520 Wet O




27,

Run  Treatment of surface Max. Remarks
No. No. Voltage
+
13 1 Re~ground on 600 mesh
carborundum. Etched
in perbarate, Cotton
fibres placedin
electrode gap 0.03%0 Dry O2
0.550 Wet 07
14 l Re-etched in NaOCl +
NaOH, Cotton fibres
placed in electrode
£aD, 0.035 Dry 02
0.580 Vet O2
2 Left for 20 mins. in
dry air 0,035 Dry 02
Oxygen bubbled through
0.880 NH3 soln, 0. 700 Wet O2 + NH3
3 Left for 5 mins. in
dry O2 flow. 0.035 Dry 02
0.800 Wet 02 + NH3
4 Left for 10 mins, in
dry O, flow. Oxygen
bubblgd through
Et.0.Et 0, 300 02 + EtOEt
5 Left for 10 mins. in
dry 0, flow.
Oxygef bubbled through
MeOH 0,200 02 + MeOH
15 1 Re-etched in CPI
Pt electrode separated
from Ge by 1 mil,
polythene film +0, 600 Dry air
-0.100  Dry O,
+0,. 250 Wet 02. Palling
to +0,020 in 20 mins,
16 1 Surface ground on
600 mesh carborundum +0.150 Dry Air
Not etched, Pt., electrode -0,130 Dry 02
separated from Ge by 1 +0, 510 Wet O2

mil polythene film,
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Expt, Run  Treatment of surface Max, Remarks
No, No, Voltage
+
17 1 Re=etched in CPI
Pt electrode separated
from Ge hy 1 mil,
polythene film, +0, 340 Dry air
-0, 200 Dry 02
-0, 230 wWet O Comm=-
encing at -0,100
18 1 Re-etched in NaOC1l-NaOH
SOlnc
Pt. electrode separated
from Ge by 1 mil, poly-
thene film, +0,270 Dry air
-0.190 Dry O
-0.540 Wet O, - commen-
cing &t + 0,050
2 Benzaldehyde + U,V,
Light for 10 mins +0.100 Dry air
-0,180 Dry O2
-0, 300 Wet O, - commencing

at -0,100
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4,% Potent read with 1 1600
W Kerr 1 and us a glass fibre probg.

4,5.1, The next series & experiments was conducted %o
determine the time-voltage characteristic of the surfaoe
potential under changing conditions of ambient, and aftew
disturbing the electrical equilibrium of the system.

4,5.2, The output of the Wayne-Kerr M.1l41 was conneeted

to the Hi-Speed potentiometric recorder (full scale 5 mV)

by a potential divider: a330 ohm and a 10 ohm resistor wexre
oonnected in series acrossthe output, and the recorder wa@ fed
across the 10 ohms,

40563 At this stage in the investigation, it had been
decided that some form of comducting path to the surface of
the sample from the platinum was probably essentisl to give
meaningful readings on the state of the surface. In view of
the_yery high input resistance of the measu.g:l.ng sgquipment
(101, ohms possible maximum, but about 101° ohms in this
perticular practical application), the use of glass fitre as
a probe material seemed to be very suitadble, A number of
fidres were cemented to the platinum grid so that they would
contact the surface of the germanium sample at a distance of
1l to 2 mm, For a typiasl germanium sample, it was found that
thg path from platinum to germanium had a resistmoce of about
1010 ohms; this was suffioiently low compared with the input
resistance to give a negligable voltage drop. The time
constant of the system, assuming an input capacitance of

3 pf., was then only 0,03 sec,, much shorter than that of the
instrument itself ( 1 second), so that there was a negligakle
effect on the response speed,

4,5.4. It was hoped that the glass fibres would be adble

to probe the surface potential of the sample without disturbding
the system either electrically or mechanically. While con-
duotion prodably takes place in the surface layer, it is not
necessary to assume this in interpreting the readings; for a
sample with reasonably uniform surface properties, the average
potential pieked up from a number 6f isolated areas ty the
various fibres should be equally acceptable,
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445:5. In the sequence of experiments three types of
germanium were examined, vig. n-type, p-type, near-
intrinsic. The samples were etched with CPT. reagent, mixed
with distilled water and then examined in the wet and dry
ambients. After the first oycle of voltage recordings the
specimen was removed and anodised in 2Q% ammonium acetate
solution for 10 minutes at 50 mA, cm™“. The specimen was
then rinsed and re-cycled as before, The ambient was either
dry oxygen or oxygen bubbled through distilled water.,

4.5.6. At the cormencement of a run, moist oxygen was
passed through the electrode chamber and the voltage of the
system allowed to reach & fairly steady value. This value
varied from 300 to 700 mV but was most frequently found to

be about 500 mV, the germanium being negative to the platinum.
Next, the ambient was changed to dry oxygen by simply by-pass-
ing the bubbler, whereupon the voltage commenced to decay to about
zero, The voltage was then regenerated by returning to a

most oxygen ambient. Upon reaching a steady value the
electrodes were momentarily short-circuited after which the
potential rose rapidly to its steady value. The reverse effect,
i,e. the momentary application of an external field slightly

in excess of the steady voltage, was also examined. The
ambient was then changed to dry oxygen and a second recording
of the decey obtained. Finally, when this voltage had reached
& minimum, the external field was momentarily applied for a
second time and the resulting decay curve recorded. A few
variations to this scheme were also tried and they will be
mentioned in the discussion,

405' 70 R_eﬂ‘ll_tg

Some of the actusl curves obtained are illustrated in
Figs. 21-23, However, since no radical difference in
behaviour was noted between any of the specimens, the general
form of the results is illustrated by the idealized curve
given in Fig, 20, A detailed interpretation of these results
will be given in Sect.6.4.
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4,6 Measurement of surface r:combination rate by
the Photoelectromagnetic effect

4.6.1 Apparatus. The prepared germaniun sample was
mounted in the gap of a reasonably powerful permanent magnet
(1100 gauss). Illumination was provided by a 300 watt
projector lamp, through a lens system of 10 cm, diameter and
a water cell 2.5 cm. deep, to absorb heat radiation. The
open-circuit output voltage from the specimen was measured
accurately by a backing-off potentiometer in series with a
sensitive null indicator of high impedance. The original
contact potential amplifier, shown in Fig. 7, was used as
the null indicator: the very high input impedance was useful
in providing a sharp balance point. A diagram of the whole
assembly is given in Fig.11,

4,6.2, Procedure. Slices of germanium were cut from a

40 ohm-om n-type crystal, with a minority carrier lifetime of
about 200 microseconds. The samples were about 0,8 mm,
thick, 2 em. long and 1 cm., wide, and the surfaces were
prepared by grinding on 280 mesh followed by 600 mesh
carborundum: the thicknesswas accurately measured with a
micrometer, The surfaces were then electroless-copper pl?te?
in a CuSO,/HF mixture, as described by Davies and Milne 21),
100 mil, 04 saturated aqueous copper sulphate.solution was
mixed with 4 ml. 40% hydrofluoric acid solution and the ground
sample was immersed in the solution for 5 to 10 minutes.

Two small spots of wax were placed on one side of the sample,
about 1,5 cm, apart, where the probe contacts were required,
and the whole sample was immersed in 50% nitric acid for a
short while to r emove the excesscopper. The sample was then
washed in double-distilled water, followed by benzene to
remove the spots of wax. This provided two small copper
spots for attachment of the probes. The copper was tinned o
by graduslly heating the sample on a hot plate to about 250°C.
and touching with a small piece of resin-cored solder.

After cooling, fine leads could be attached to the solder,
using a finely pointed soldering iron. The short lengths of
fine wire were supported by heavier leads of 20 gauge wire,
which formed the external connections,

The sample was supported in a horizontal position about 8 mm.
above a microscope slide with the connecting leads extended

on either side. A cylindrical polythene former was placed
around the assembly, to act as a mould, and Araldite was
poured in,just to the level of the ypper germanium surface
The assembly was baked at about 100°C., for 2 hours to cure

the resin , after which the polythene mould could be peeled
away. The projecting ends of the glass slide can be cut away,
if required., A section of a mounted sample is shown in Fig,12
The thickness of the whole assembly was then accurately checked
with a micrometer and compared with the slice thickness,
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as previously recorded,so that a check ccild be kept of the
sample thickness during subsequent experinents. The surface
of the sample was lightly re-ground on 600 mesh carborundum
then etched 3 times in small quantities of CPI etch, to give
a clean polished surface, washed well in double-distilled
water and dried, The sample was then ready for use, It was
mounted, as shown in Fig.ll, with the line joining the two
probe contacts perpendicular to the magnetic field. The lamp
was adjusted to focus the maximum amount of light on the
gsample; this is best carried out by adjusting for a maximum
output voltage. Any residusl potentials were first balanced
out on the potentiometer then the output voltage with
illumination was measured. Only short periods of illumination
were used, to avoid thermal effects. In eech experiment the
surface was treated as required, i.easurcments taken and com-
pared with standard :readings, to obtain an estimate of the
effect of the surface trestment on surface recombination rate.

4,6.3, Principles of the method. The photoelectro-
nagnetic effect (PEM) is & variation of the Hall effect in
which carriers are optically generated, and by interaction
with the magnetic field generate a current or voltage in the
specimen. A simplified diagram is given in Fig.1l3, which
illustrates the creation of a hole-electron pairg by the
adsorption of a photon at the upper surface of the crystal.
The hole-electron pair drifts a diffusion length L into the
crystal, and is separated by the transverse magnetic field

B into a separate hole and electron, spaced at the Hall
angle O, In short-circuit conditions, one pair per second
will contribute one umit of current in the lateral direction
if the charges are separated by the length of the sample:

in practice, the splitting is much less and the contribution
of the injected carriers will be reduced by the factor

@ (L/1), where 1 is the length of the sample. Wren F
photons/sec. are absorbed, the total short circuit current will
be

I, =Fe @ (L/1)
As shown by Shockley (22) we can substitute

O = uB

L= (uTr/e)?,
where B andTare the efiective mobility and lifetime respectively
and kT/e is the temperature in elctron volts. The relation

then becomes,
g = Feud (i Ik‘l‘[e)é
1l

, = Feb (er/e)23T)

1

[
I

o

2]

L}
I
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The open-circuit voltage V = Rls, for a sample of resistance

R, Thus, the short circuit current is proportional to the
light flux per uni} length of crystal, F/1l, to the magnetic
field B and to (u’7)%, For exact calculations, the

differences between Hall and diffusion mobilities must be

allowed for, and the single mobility giving the best

approximation is probably the mejority carrier mobility:

the minority carrier lifetime is the best figure to use

for the effective diffusion lifetime T.

Similar fel?tions have been derived by Moss (23) and by
Aigrain 24), The equations have been extended, to include
surface recombinati?n velocity by Pincherle 25) and by
Kurnick and Zitter (2 ) and the ?ost complete treatment has
been given by ven Roosbroeck 27), Applications of the

PEM method to the measurement of surface recombin?tiyn
veloocity ?Zvn elso been discu?seg by Moss et T}' 28 ’
Bulliard (29), Hilsum et el, (30) and Hall \31) Tne
mathematical analysis has shown that when the,intensity of
illumination is high,at ebout 1018 photons/cm®/sec., the
equation involving the surface recombination velocity S
approximates to the form,

V= 10"8. 1BS

where V is measured in volts

1l is the distance between the contacts in cm.
B is the field in gauss.
S is in cm./sec.

The factor 10"8 is present as a consequence of the units
employed. ?gﬁ)?gg ate PME measurements of S, the van
Roosbroeck method requires S to be determined on the
dark surface of the specimen. The short circuit PME current
is measured and also the relative conductance increase at the
same light intensity, but with no magnetic field. The ratio
of these quantities, multiplied by a factor conteining
constants for the material, is used to calculate S, The use
of relative conductance increase avoids the necessity of
determining the light intensity or S at the illuminated
surface exactly. The maximum output obtainable for a given
specimen depends to some extent on resistivity, volume lifetime,
recombination at both surfaces, light intensity and specimen
thickness, all of which should be taken into consideration,

However, for the determination of approximate values and
making comparative measurements, the simgléfied relation_8
derived by Moss, Pinclierle and Woodward ¢8) j,6. V=10 1BS,
was considered to be suitable, Our practicai eyperiments
were based on the work of Buck and Brattain 14) and Buck

and McKim (15), who used the simplified system for comparing
the effects of surface treatments and for determining the
depth of abrasion surface damage., Referring now to Fig.12,
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if the illuminated surface L is initially etched, to give

a low recombination rate, and the dark surface D is ground

to give & very high recombination rate, then a maximum output
on illumination will be obtained:s progressive etching of the
dark surface would cause the output to fall and tend towards a
very small constant value. Similarly if both L and D are
initially ground to give high recombination rates, then a
very low output on illumination will be obtained: progressive
etching of the illuminated surface L would cause the output to
increase and tend towards aconstant maximum value. This
reciprocal behaviour is illustrated in gig.l4, which is based .
on the results of Buck and Brattain \14),

There are certain disadvantages in studying the effects of
surface treatment on the dark surface, as it is useful to

set this region in a hard plastic to protect the fine

contacts from damage, and there may be some contamination

of the surface from these contacts during chemical treatment.
In our experiments we were interested in observing any

effect of benzaldehyde and irradiation on the surface re-
combination rate at an etched surface, and it was clearly more
convenient to do this at the exposed, illuminated surface.

The reciprocal relation of the two curves in Fig.1l4 show

that one can legitimately make the experiments using either of
the two surfaces., If the thickness of the sample is small compared
with the diffusion length of the injected carriers, the sur-
faces can be regarded as almost coincident, In either case,
great accuvracy cannot be obtained, as the maximum or minimum
values of V are approached asympbtically as the test surface
approshces a well etched condition, and it is necessary to
assume (from published data) some representative value for

S for an etched or a ground surface before any calculations
ean be made.

The results of Buck and Brattain (14) suggest that a further
approximate relation can be derived from the simplified
equation, involving values of S for both surfaces., The
relation is

_ . .=18
V=10 1B (sD-sL)

where S, is the surface recombination velocity at the dark
surface D,

SL is the surface recombination velocity at the
illuminated surface L.
When SD=SL’ either when both are ground or when both are etched,
then V ey 0 and when SD is ground and SL is etched
V > maximum, Suppose that when L receives a normal etching
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treatment, with D remaining in the ground condition, with a
constant highavalue of S, the PEM voltage is Vl.

Then V, = 10~% 1B (5) - 5,,).

If L is given an additional surface treatment (e.g. by
benzaldehyde) the PEM voltage is V

2.
— =B .
Then V, = 107" 1B (sD - st).
_ =B
SoV, -V, =10" 1B (sLl - st)
Or dv = 10~ 1B.4s

Where ds ‘is the ‘small change brought about by the additional
treatment,

It should therefore be possible to calculate the change in the
value of S for such a treatment,

For a constant magnetic field strength and constant light

flux, the value of V depends on the concentration gradient
across the sample. The concentration gradient is a function

of the difference in recombination rates at the two surfaces,
(SD - 5. ). The relationship given above is therefore justified,
to a first approximation,

4,6.4. Measurements of the photoelectromagnetic effect
and the influence of benzaldehyde treatnent

The illumination by the 300 watt projector lamp,
focused on ge surface of the sample,gave a light intensity
of about 10"~ quanta/cm? sec.,which was sufficient to give
saturation, The wagnetic field strength was 1100 gauss.
Two sa:ples were used, one comrencing at (0,025 cm, thick, the
other at 0,075 cm. No significant difference was noted in the
average results obtained from each sample, showing that the
diffusion length was considerably greater than the sample
thickness. The sanples were 40 ohm-cm., n-type germanium with
a minority carrier lifetime of about 200 microseconds. Some
indications of long term changes in S were observed, the value
decreasing for about 5 minutes after etching or benzaldehyde
treatment and increasing after several hours exposure to the
atmosphere, The readings obtained are shown below,
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Sample 1, Thickness (initial), 0,075 cm,
Electrode spacing, 1.5 cm,

Expt. Surface treatment PEM Voltage Remarks
No, voltage  change
1 CPI etch 0.064

0.077 +0,013 Left for 2 hrs,
Treated with CuSO, soln. 0.075 -0,002

4 — e e e
2 CPI etch and treated with
CuSO4 soln. 0.065
Ph,CHO + U,V, light for
10 mins, 0.065 0
0.065 0 Left for 2 hrs.
3 CPI etch 0,065
Ph, CHO + U,V, light for
10 mins. 0,065 0 2 min, after
treatment
0.080 +0,015 20 min., after
treatment
Treated with CuSO4/HF
mixture 0,065 0 -
0.075 +0,010 3 hrs., after
treatment
Re-treated with CuSO4/HF
mixture 0,065 0 5 min. after
treatment
Ph, CHO + U.V., light for
10 mins, 0.070 +0, 005 2 min, after
treatment
0,075 +0,010 5 min. after
treatment
0,065 0 16 hrs, after
treatment
Ph.CHO + U,V, light for
10 mins., 0.070 +0,005 5 min, after
treatment.
0.070 +0,005 3 hrs. after
treatment.

Average 0,069
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Sample 2. Thickness (initisl) 0,025 cm,

Electrode spacing 1,3 cm,

Expt. Surface treatment PEM Voltage Remarks
No, Vol tage change
1 CPI etoch " 0,058

Ph,CHO + U,V, light

for 10 mins, 0,061 +0,003
2 Re-ground. Perborate etech 0,047

Ph.CHO + U.V, light for

10 mins. 0.051 +0, 004

Ph.CHO + U,V, light for

10 mins, 0,045 -0,002
3 CPI etch 0.050

0,070 +0,020 Left for 1 hr,
Ph.CHO + U,V. light for

10 mins, 0.075 +0,025
Ph,CHO + U.V, light
for 10 mins, 0,095 +0,045 1 min, after
treatment.
0.050 0 10 min. after
treatment,

0,075 +0,025 Left for 2 days
Ph,CHO + U,V, light for

10 mins, 0,045 =0, 005 1 min, after
treatment.
0, 065 +0,015 5 min, after
treatment.
4 CPI eteh 0.065
Ph,CHO + U.V, light
for 10 mins, 0.065 0 5 min. after
treatment.

Average 0,061

After each surface treatment the sample was washed with double-
distilled water end acetone and dried.

For the purposes of comparing the behaviovr of the two samples, the
value for S at the ground surface will be calculated for each, using
the average value of the P.E,M, voltages obtained, by means of the
standard formula.

For Sample 1, the average is 0,069 V,

v =10°% 185
So 0,069 = 10-8, 1.5, 1100 S

S = 0,069, 108 = 4200 cm/sec.

1,5. 1100
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For sample 2, the average is 0,061 V,

So 0.061 = 10~2, 1,3. 1100 §
S =0,061, 108 = 4270 cm,/sec.
1.3, 1100

The two samples were therefore giving identical results
within the limits of experimental error, and as their thick-
ness ratio was 3:1, the diffusion length of the injected
carriers was not a controlling factor.

The results for the benzaldehyde treatment are somewhat variable,
but taking the maximum change in PEM voltage for each
benzaldehyde treatment, as compared with the original etched
surface, and averaging, sample 1 gives +0,00g8 V. and sample 2
gives +0,011 v. Only two instances of a fall in voltage,

of -0,002 and -0,005, were observed., The indication is that

the benzaldehyde treatment may produce s increase of about
0.010 v, in such experiments., Taking a mean value for the
electrode spacing of 1.4 cm.,, and substituting in the

equation -8
dv =10 - 1 B.dS

0,010 = 1078, 1.4. 1100 ds
So dS = 0,010, 10% = 650 cm, /sec.
1.4. 1100
4.7 Measurement of the effect of benzaldehyde on
photoelectric current output from surface barrier
diodes

4.7.1. Apparetus. Slices of 4 ohmecm., n-type germanium,
copper plated on one side were used for the experiments, The
slice was clamped in a base clip and the surface of the
germanium was ccntacted by a pivoted assembly carrying a
Pt-Ru whisker under a pressure of about 2g., The assembly

was similar to that used for the rectification tests described
in Final Report 1962 and illustrated in Fig,7 of that report.
A 50 pA meter was connected between the whisker and the copper
base contact on the germanium, This meter had an internal
resistance of about 1200 ohms. A meter reading 1.5 mA and

5 mA full-gscale with & very low internal r esistance and a
series of load resistors werealso available, for reading
higher currents. Illumination was provided by & 250 watt
tungsten lamp with an internal, roughly parabolic reflector,
The lamp was at a distance of about 15 cm, from the germanium
and shining onto the surface at an angle of 45°. No attempt
was made to filter out the heat radiation from the lamp, which
therefore gave out a considerable amount of infra-~red,
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4,7.2, Procedure. The surface of the slice was first
prepared by etching in CPI to give a reasonable polish,
Further etching in NaOC1/NaOH mixture was usually found to
give a higher photoelectric output: the etch was prepared
by adding a few pellets of sodium hydroxide to 20 mi,

of 10% sodium hypochlorite solution. The surface of the
sljce was treated for about 5 minutes in the etch at about
40°C,, giving a fairly rough surface with a clearly visible
film of oxide.

After clamping the sample, the whisker was lowered into
position and the base-plate tapped several times to stabilize
the position of the contact. The lamp was then switched on
for a short period to observe the photocurrent. Only short
periods of illumination were employed, to avoid overheating
the sample. However, immediately after surface preparaiion
it was useful to allowthe samp.e to become warm, as the maximum
output was only obtained after about 1 minute of illumination;
this was attributed to a drying out from the surface film of
traces of water and solvent. The etched surfaces normally
gave a constant eutput on illumination, but when benzaldehyde
was added, the output varied with timz, so that it was
necessary to record the photocurrents at several time
intervals.

In experiments where polycyclic hydrocarbons were tested as
stabilizing agents, these were added as a solution in a few
drops of benzene, before the addition of benzaldehyde to

the surface. One drop of benzaldehyde was used in each experi-
ment and allowed to spread - '* ove~ +:e glise to form a thin
film surrounding the whisker contact.

A comparison test was made, using a p-n junction prepared by
alloying. A small piece of gallium war placed on the etched
surface of a slice 8f 4 ohm-cm, n-type germanium, which was
heated to about 300°C for 5 minutes in a protective atmosphere,
then allowed toc ool slowly, The excess gallium was dissolved
away in dilute hydrochloric acid, leaving a small depression
in the surfacec: ‘- ‘ning a p-n junction formed by the re-growth
of germenium from gallium solution. The junction was finally
cleaned by a very brief etching in CPI etch, Photoelectric
tests were carried out on this junction diode, contacting the
p~-layer with the Pt-Ru whisker, It was considered that the
thin p-layer, formed by re-grow*h from the gallium, would give
a good photodiode.

The results obtained in these measurements are reocorded below.




4.7.3 Photocurrent measurements on n-type germanium

40,

4 ohm-cm, Ge, surface barrier diode, Pt-Ru whisker

Expt. Surface treatment Time Photo % increase _Remarks
No, Mins, current in current
LA, due to ben-
zaldehyde
1 CP1 etch 12.5
2 CP1 etch 5
+ Ph,CHO 1 5 0
2 Te5 50
5 5 0
3 Wash with acetone 2.5
+ Ph.CHO + anthracene 2 5 100
5 1.5 200
10 0
4 Wash with acetone 0
+ Ph.CHO 1 2.5
5 2.5
5 NaOC1/NaOH etch 5 After 1 min,
+ Ph.CHO 1 12,5 150 illumination
5 20 300
7 9 80
10 10 100
13 10 100
15 1.5 50
20 7 40
6 Wash with acetone 7 After 1 min,
+ Ph.CHO + anthracene 1 10 43 illuminat ion
2 12 Ip!
3 12.5 19
5 12.5 79
10 15 114
15 17 142
90 17 142
T Wash with acetone 17
+ Ph,CHO 1 30 76
2 35 106
5 30 76
T 17 0
10 12,5 =27
13 12 -29
20 12 -29
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Expt. Surface_ treatment Time Photo % increase Remarks
No. Mins. current in current ‘
WA, due to ben-
zaldehyde
8 Wash with acetone 17
+ Ph.CHO + fluorene 1 30 76
3 25 47
5 17 0
7 17 0
10 17.5 3
15 17.5 3
17 18 6
20 18 6
9 Wash with acetone 17.5
+ Ph.CHO + Phenanthrene 1 30 n
3 30 T
5 25 43
8 17.5 0
10 17.5 0
15 7 ~60
20 3 -83
10 Wash with acetone 8 After 2 min,
+ Ph,CHO + acenaphthens 1 22 175 illumination
3 13 62
5 15 87
15 15 87
20 10 25
11 Wash with acetone 10
+ Ph,CHO + coronene 1 20 100 Output appear-
2 22,5 125 ed suddenly
5 17.5 75 after 30 sec.
7 7.5 -25 illumination
10 8 -20
12 8 =20
20 7 -30
12 Wash with acetone
+ Ph.CHO + anthracene 1 12,5 67 Output appear-
2 12,5 67 ed after
5 13 T3 30 sec,
7 10 33
10 5 -33
15 3 ~60
13  Na.OCl/NaOH etch 20 Output appear-
+ Ph, CHO 1 30 50 ed after
3 20 0 20 sec.
5 12 =40

—— . - e E———— & S ——
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Expte  Surface treatment Time Photo % increase Remarks
No, Mins, current in current
paA,  due to ben-
zaldehyde
14 wash with acetone 5
+ Ph,CHO + anthracene 1 12 140
5 10 100
10 8 60
15 5 0
15 Wash with acetone 10
+ Ph.CHO + carbazole 1 20 100
3 18 80
5 17.5 (b
10 7 -30
15 T -30
20 3 -T0
16 Wash with acetone 7
+ Ph,CHO + phenanthrene 1 17 143
5 17 143
10 12 71
15 3 =57
20 3 =57
17 Wash with acetone 5
+ Ph,CHO 1 18 260
2 17.5 250
5 12,5 150
10 3 -40
15 3 -40
20 5 0
18 NaOCl + NaOH etch 17
+ diphenyl picryl hydrazyl 17
+ Ph, CHO 1l 27.5 62
2 25 47
8 15 -12
15 12,5 -26
20 7 -59
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Expt. Surface treatment  Time Photo Power RIz, Remarks
No. Mins Current pA, W,
19 Wash with acetone 40 0,016 Load 10 ohms
40 0,064 "o40 "
35 0.122 " 100 "
32 0,204 " o200 "
30 0.45 " 500 f
27 0.725 " 1000 "
20 + Ph,CHO 75 0.056 Load 10 ohms
70 0.196 " 40 "
60 0. 360 * 100 "
55 0.606 " o200 "
50 1, 25 1" 500 "
35 1,22 " 1000 "
4 ohm-cm Ge, galljum doped junction, 0,5 mm, diameter
Expte Surface treatment Time Photo % _increase in Remarks
No. Mins Current pA. circuit
due to
benzaldehyde
21 Alloyed junction 1170 Load 40 ohms
+ Ph,CHO 1 1340 14.6
‘ 2 1500 28
3 1670 43
4 1670 43
5 1670 43
7 1340 14.6
10 1000 =14.6
13 1240 6
15 1240 6
18 1500 28
20 1500 28
22 Wash with acetone 750 Load 40 ohms
3 1000 33.3
23 Wash with acetone 1 2700 Load 10 ohms
2 2760
P 2
ower RI
KW,
2000 40 Load 10 ohms
1200 57.5 " o400 "
700 49 1] lw "
350 24.5 " 200 "
150 11. 25 " 50 "
80 6.4 "100 "
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It should be noted that the activity of the surfacc varied
from experiment to cxpcriment and from peoint to point on

a given surface, in expcriments 1 to 18, The absolute
values of the photocurrent thercfore shows some variability,
but the pcrecentage increase for the addition of benzaldehyde
should be a more significent parameter., Ixperiment

No., 19, using the gelliuvm junction showed some random
fluctuation in current during the run, probably due to the
contact rcsistance of the Pt., whisker on the p. layer.

The general picturc given by these rcsults is that the
enhanced photocurrent produced by the bensaldchyde declines
rapidly after 7 to 10 minutes (with occasional exceptions,
e.g. Expt. 5). The addition of some polycyclic
hydrocarbong may extend the period of enhanced photocurrent,
although the effect is very variable,
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45.
DISCUSSION OF CHEMICAL RESULTS

5.1, Evidence for a number of reaction products of
the benzaldehyde oxidation

5.1.1, The investigantions carried out by various workers
on the benzaldehyde oxidation have been reviewed in Final
Report 1962, Sect. 5.1. All the published papers agree on
the initial formation of perbenzoic acid and the rapid
decompogitipn of thi oduct with the formgtion of benzoic
acid ?3?233??3%§(;55?385 Wittig and Pieper (35), Waters and
Wickham-Jones (34) and Mulcahy and Watt ?36) have been mainly
concerned with determing the mechanism of the decomposition
of the perbenzoic acid and other end-products of the reaction
are not considered, This apnroach is probably justified, as
the experiments were carried out under conditions where the
effect of surfaces on the course of the reaction was small,

5¢142, Ingles and Melville (37 studied both the chain
propagation and termination of the reaction in n-decane sol-
ution, The solid reaction products were found to be partly per-
oxidic. In the plotting of log , (relative rate of oxida-
-tion) against log .. (intensity 8¢ radiation), a straight

line graph was obtalned, with a gradient of 0,5,

The gradient showed that the intensity exponent in the kinetic
equation was 0,5, and therefore the termination reaction was
bimolecular. The progress of the photochemical reaction

was described as follows:-

Photochemicd initiation,

Ph-G=0 + v "L PhC=0+H

Chain propagation,
Ph-C=0 + 0, _k2 Ph-to
0-

Ph-0=0 + Ph-¢=0 _X3 _ Ph-¢=0 + Ph-(=0
0=0- H 0-OH
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Termination

Ph-(=0 + Ph=(=0 k4

Ph-G=0 + Ph'gfg_ X, - inert products

Ph-C=0 + Ph-C=0 X6
B0 b-o, >

It wes concluded that if the reaction chains were
long, then at the high oxygen pressures used, the rate determining
step was the reaction of the peroxy radicals with the
aldehyde molecules, and the rain terminoting reaction was the
interaction of two pevroxy radicals. The photo-rate was given

by
(g_i)p: ks, k6-% [ Ph.CHO], (I)%

where (dC) is the photo-rate
ok

k3 is the velocity coefficient for the inter-
action of peroxy radicals and aldehyde
molecules,

k. is the velocity coefficient for the termina-
tion reaction bctween two peroxy radicals,

I is the radiation intensity.

The values found for the velocity coefficients were

= 1.91 x 107 mol, 173, sec™l.

3
kf = 2.1x lO8 mol, 1-1. sec—l.

k

Ingles and Melville decided that the termination velocity
constant k6 was related to steric fectors,

5s1e3s We would therefore expect to find in the reaction
products some of the product of the terminating reaction between
two peroxy radicals, The most obvicus product would be dibenzoyl
peroxides=
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Ph-C=0 + Ph-C=0 > Ph~-C=0

0w0m b-0- 6-0+ 0,
0=(=Ph
This product might also be formed in the reaction between
benzoyl and peroxy radicals but on a smaller scale:-

Ph-C=0 + Ph=(=0 5 Ph=(=0
0-0- 0-0
0=C-Ph

The same reaction might also give benzil and oyxgen, The
terminating reaction between two benzoyl radicals would
probably result in the formation of benzil:=-

Ph-~C=0 + Ph-C=0 5 Ph-C=0
* * Ph-0=0

The photo%§§is of benzaldehyde irme. the absence of oxygen is
reported to yield benzoin as the .ain product:=-
H
Ph-C=0 + hv 5 Ph~C-0

g OH
PheC~0 + Ph~(=0 5 Ph-C-C-Ph
i i 0

There was therefore some possibility of this compound also
being present.

S5elede In the reactions we have studied, the surface was
a predominant factor in controlling the rate of reactiom by
terminating the reaction chains., One would therefore expect
to find reasonable quantities of the products of the
characteristic terminating reactions. The deficiency in the
amount of benzoic acid produced, compared with the amount of
benzaldehyde consumed, as shown in Final Report 1962, Sect.
5¢2.11, confirms that other products are present.
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5.2, Interpretstion of results obtained

5.2.1, Detection of benzoic gcid and perbenzoic acid
on the gas chromatograph.

Out experimengs have shown th-t benzoic acid, with
& boiling pointoof 249°C, has a sufficiently high vapour
pressure at 110°C, to pass through the column in n reason-
ably short time., The ionization detector is obviously
very insensitive to benzoic acid and was not capable of detecting
the amounts normally obteined in our experiments. vimilarly,
perbenzoic acid, present is even smaller amounts, could not
be detected, for the same reason. The failure to detect
these compounds was clearly a deficiency which could be remedied by
further experiments with other types of sensitive detector.
We are now experimenting with the flame ionization detector,
but unfortunately this detector was not available when the
measurements were being made.

5242 Variation in concentration of perbenzoic acid

The change in concentration of perbenzoic acid
during a typical run is shown in Fig. 5, the graph being based
on the clectrometric titration curves of Fig., 4. While the
general pattern of the rapid rise and gradual fall of the
perbengoic acid concentratio? ig similar to that descr%be
by Waters and Wickham-Jones (34) and Mulcahy cnd Watt (36
the change took place in a much shorter period in our
experiments, Fig, 5 shows that the concentration was very
small after 25 minutes, although the other workers report
considerable concentrations still present in their systems
after this time., The rapid decline of the concentration
of the per-acid is clearly the result of the removal of
the peroxy radicals at the germanium surface.

5.2.3, Detection of other oxidation products

The feilure to detect any other stable compounds
present in the oxidation products, e.g. benzil, benzoin or
benzoic anhydride mey onceagain show the limitations of the
gas chromatographis equ%pment which was in use, A column
temperature of 270°-300°C would have been preferable for this
examination, but was not obtainable at the time of the ex-
periments., The addition of standard amounts of benzil and
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benzoig did not produce any peaks at the column temperature
of 212°C, There appears to be no published information on
the retention times of benzoic acid, benzil, or benzoin,

or on the sensitivity cf the ionization detector to these
compounds,

However, subsequent chemical tests, reported in Sect.3.7,
suggest that little or no benzil or benzoin can be present,
and the product of the terminating reaction is probably
dibenzoyl peroxide only. The oxidation reactions confirm
the presence of a peroxide, but not its exact identity.

6.0 Discussion of Physical Results

6.1, The discussion of the contact potential, or as we
will now call them, surface potential, measurements will be
left vntil last, as the subject is of a more complex and
controversial nature than the surface recombination and
photoelectric work: furthermore, it is not directly concerned
with the original objects of this research program, although
it is of considerable fundamental importance.,

6.2, Surface recombination rate

6.2,1, It is clear from the photoelectromagnetic effect
measurements, that once a surface with a reasonably low
recombination rate has been prepared, it is not easy, using
a simple procedure, to make accurate estimates of small
changes, This is because the PEM, voltage tends towards a
constant maximum or a constant minimum reading for low
values of S, depending on whether the opposite surface is
ground or etchfg. The more complex procedure of van
Roosbroeck \27 32) would be necessary to obtain more
accurate measurements, but as we were mainly interested in
comparetive results the more complex measurements were not
Justified.

6.2,3, Our estimates of the surface recombination velocity on
each of the ground surfaces, 4200 cm./sec. and 4270 cm./sec.
are reasonable approximations for the simplified method, and
rather better than the valu? of 2000 cm./sec. quoted in the
paper by Buck and Brattain 14): the generally accepted value
for ground surface has been about 10,000 cm,/sec, However,
latcr and more accurate measurements 5)?2 ?32) suggest
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that values in the region of 50,000 cm./sec. are more correct,

6.2,4., The original etching of the surfaces of the samples
by CPI was not carried out sufficiently well to give an

ideal polished surface with & minimum value of S. This was
done deliberately to help reveal any effects of the
benzaldehyde treatment, In some of the experiments, the
surfaces were deliberately contaminated with copper, but,
surprisingly little effect was obszrved, There vas generally
a small, but definite, rise in PEM, voltage after benzaldehyde
treatment, although the ave:age value given is probably not very
accurate, because of the small size of the voltage and its
variation from one experiment to another, The maximum effect
of etching, either with or without benzaldehyde treatment,

was never attained until 5 minutes or more after the final
washing and drying, and after a number of measurements had
been token., Samples were always washed with distilled water
and acetone after treatment, and the slow improvement

in the PEM, voltage was attributed to a drying-out of the
oxide film on the surface. There was some evidence that samples
left for 15 hours or more developed higher values of S,
probably due to contamination of the surface., Assuming that
the original etched surface probably had a surface recombina-
tion velocity of several hundred, the experiments suggest that
a reduction to 50 or 100 cm./sec. may have been achieved

The minimum reported values for S are about 100 cm./sec.(ls)
for surfaces which have been well etched until all abrasion
damage has been removed.

6.2,5 ‘ihile it is not possible to place a very definite
figure on the decresse of the surface recombination

velocity after treatment, such a decresse is supported by
our conclusions on surface barrier rectification, given in
Final Report 1962, Sect.6.2. The rectification tests showed
a pronounced increase in the reverse impedance of surface
barrier rectifying contacts after benzaldehyde treatment.
From present theories of rectification, due to Bardeen ),

it was concluded that as the height of the potential barrier was
largely determined by the space charge set up by the con-
centration of surface states, so the benzaldehyde treatments

the barricr, Other workers L13) (30) (67) (66) (653 (70) (T1) (72)

have shown that the surface recoumbination velocity on both
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n~ and p~type germanium is at a minimum when the surface
bexrrier is at a maximum, Both rectification and surface~
recombination tests therefore indicate some benefiocial
effect from benzaldehyde treatment,

6.2,6. The change in the height of the surface barrier is
probebly produced by an increase in the thickness, or
modification of the atructure of the oxide film, in such

a way that more acceptor surface states are created, Our
messurements of contact potential have shown (Sect.4.5)

that the formetion of a thick oxide film, by anodising for
example, will help to produce a higher potential from
adsorbed water molecules: this potential depends on the numbexr
of molecules adsorbed, and therefore, on the concentration

of surface states in or on the oxide.

6.2.7. The tests for any cleaning action of benzaldehyde
on the germanium were inconclusive, as it was difficult to
measure any significant changes in the PEM, voltage after
adding contamination, in the form of copper salts. However,.
if we consider indirect evidence from Final Report 1962,
Sect. 5,2,12, we find that irradiated bensaldehyde produces
& very rapid attack on mercury %o give a compound which
appears to be dimercury dibenzoate C H .CO.O.Hg.Hg.O.CO.CGHS.
This attack is probably the direct a tio of perbenzoate
radicals on the metal, It would therefore be expeocted that
metallic contemination on a germanium surface might also

be attacked, provided it was not too strongly combined with
the oxide film, and effect some cleaning aotion., It is

well known that semiconductor surfaces are very easily ocon-
taminated by me Iig ities from etohing solutions and
washing liquids. (13)(74), For example a fraction of a
monolayer of gold on a silicon ?gffnoe mey 3eriously reduce
the minority carrier lifetime (/) Various methods of remow-
ing metallic surface contamination have been studied in the
pest, including treatment with potassium cyanide solution or
ethylenediamine-tetra-acetic acid and its salts. The
benzaldehyde method might well be an improvement on these
techniques and easier to use: it would have the additional
advantege of producing desirable electrical characteristics at
the surface, at the mame time: The sein preceution necessary
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would be to use a highly purified solvent for the final
washing of the surface. A final treatment of transistor or
diode structures before encapsulation, using irradiated
bengaldehyde, would require no elaborate precautions against
the corrosion of metal parts.

6.3, Photoelectric effects

6.3.1, The increase in photoelectric current generated

by & surface-barrier diode on the addition of benzaldehyde

to the surface is clearly a very well-defined phenomenon.

A maximum increase of between 70 and 300% was observed in

the series of experiments carried out. The increase in

current was not permanent, and usually disappeared after

about 7 to 10 minutes after the application of the benzaldehydej
subsequently, the current fell to a lower value than normal,
There were same exceptions to this rule, when polycycliec
hydrocarbons were added, but these are discussed later,

6e3.2, The initial enhancement of the photocurrent for

a short period suggests that the initial photochemicd reaction
of the benzaldehyde was responsible, The data presented in
Final Report 1962 Sects, 3.0 and 5.0 and Sect. 3.8 of the
preaent report show that the concentration of perbenzoic acid
was at a maximum within a few minutes of the start of
irradiation and declined rapidly within 10 minutes. The rapid
change in the U,V. transmission of a 0,0125 cm, benzaldehyde
film during the first 7 minutes of irradiation has been
described in Sects. 3.7.3 and 5.2.13 of Final Report 1962.

It was shown that the film transmission rose from an initid
value of 38% to 80% in 7 minutes, after which it remained
reasonably constant (allowing for some light scattering by
solid products in the later stages of the reaction), The
period of strong absorption of radiation and maximum concen-
tration of peracid correspond closely to the period during which
the photocurrent increases to a maximum,

6¢3. 3, In some of the experiments we observed a delay of
between 20 and 60 seconds before any asppreciable photocurrent
would be obtained. For the untreated surfaces this could

be attributed to a drying out of the oxide film following
etching and washingt with benzaldehyde added, it may have

b s v ot
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been the manifesation of an incubation period in the (36)
photochemical reaction, as studied by Mulcahy and Watt

The enhanced photoelecotrio efficiency could be interpreted
in terms of the theories of charge- Eraﬁ ad orption, as
put forward by a number of workers 40 (41

particularly by Krusemeyer and Thomas (42), The subject of
charge-transfer catalysis has been diacussed in Sect. 6.2.16
of Final Report 1962. The idea of charg? fansfer catalysis
was first advanced by Wagner and Hauffe (43 me %s,ter
elaborazeg)by Garner et al, ( ’ Volken?ht?m

Hauffe and by Hauffe and Schlosser (47), An excellent
analysis, of, the subject has been given more recently by
Garrett (4 ) Briefly, if there is a reaction between two
adsorbed species at the semiconductor surface, one species,
4, capable of ionizing to become an acceptor and one species,
D capable of ionizing to become a donor, then the reaction
A + D —> AD may proceed with & net exchange of electrons
from the semiconductor to A and to the semiconductor from D.
More complex reactions are also possible, e.g A + B > C + D,
where A and D are again acceptor and donor species, but on
opposite sides of the equation.

6.344, In the early stages of the benzaldehyde photo-
oxidation, the most likely reaction, after the initial formation
of perbenzoyl radicles (see Sect.5.1.2) is the followings~-

Ph=-C=0 + Ph-C=0 Ph-C=0 + Ph-C=0
0-0- i O-0H .
Perbenzoyl Benzaldehyde Perbenzoic acid Benzgyl

In this system it is likely that the perbenzoyl radical will

act as an acceptor and the perbenzoic acid or the

benzaldehyde as a donor., The reaction will proceed with the
injection of hole-electron pairs into the inversion layer at

the surface of the n-type germanium. The holes and electrons are
separated by the space-charge and produce a flow of cdurrent

in an external circuit, the whisker contaot to the surface
becoming positive and the germanium negative,
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6¢3.5 The highest output of photocurrent, in the absence

of benzaldehyde, was given by a surface ctched in NaOCl/NaOH
mixture, to give a visible oxide film at the surface.

Referring again to the results of our experiments on contact
potential, Sect. 4.5, it is probable that such oxidised
surfaces have o high concentration of surface states at the
oxide surface. The higher photocurrent output suggests that
some of the current carriers, at least, may be generated from
the surface stetes, whose energy luovels lie in the forbidden
gap between the valence and conduction bands: the generation

of carriers from these states by plotns would require less
energy than the normal transitions between valence and
conduction bands. The presence of trapping centres (which again,
could be the ? ? uff ? t?tes s Which produce enhanced photo-
conductivity 49)(50) (51) (5 would be of no advantage in a
photovoltaic cell,

6.3.6. The generation of current in a photovoltaic cell

is illustrated in Fig.15. Fig. 15a shows the equilibrium
positions of the energy bands across a typical p=n junction,
with the Fermi level continuous across the barrier. When

the open-circuit junction is illuminated, hole-electron
pairs are generated, and diffuse about in the crystal; the
effect of the space charge is to cause holes to travel towards
the p-type layer and electrons towards the n-type layer, so
constituting an internal current. The junction is thus
biaged in the forward direction, and generates an internal
opposing current until equilibrium is attained; this situa-
tion is shown in Fig, 15b., The maximum voltage generated,

V, is equal to the difference of the Fermi levels on the

two sides of the junction during illumination, If a finite
load is connected across the junction, some of the current
will fIow through it, and the junction will have a forward
bias which is obviously less than V, the maximum attainable,
The equival i of en 1rradlated junction is shown

in Fig, 16 53) 55) in which the radiation source is
represented by the conatant current generator i_ and the
Junction is represented by the non-linear impedance R
internal series resistance R_ and an internal shunt raeidnnce
Rah' The relation between tRe loed current i and the
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output voltage V. across the load has been shown to be
given by the equ&tions:-

V, = Vi

1 Re

1

L
i, =_1V =1i-i (€ -1) - V_

R5+RL Rsh
where is is the short-circuit current

i is the minority carrier current (mainly
from thermsl generation)

and A= o/kT,

The relation between i_ and the number of incident photoms
which have energies sufficient to generate hole-electron
pairs, N (Eg), is given by

1, = (1-k) (1-7) eQN(EB).

where K is the reflection coefficient,

T is the fraction transmitted,

Q is the fraction of the minority carriers
generated which successfully diffuse
across the barrier and give rise to the
effect,

Q is a function of minority carrier diffusion
length L, the semiconductor thickness d, the
adsorption coefficient for the radiation «
ond the surface recombination velocity S.

(56) (57)

6030 Te In our experiments, the main controlling factors

will be N(E ) and S, We have shown in Sect. 6.2, that S

tends to be ler after benzaldehyde treatment, but is doubtful
whether a significant decrease would occur in the first 5

minutes of irradiation. Referring back to Sects 6.3¢4.,

we have suggested that the photochemical reaction will

inject hole~electron pairs into the surface layer of the
semiconductor.
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As a chain reaction is involved with a quantum yield of
about 8 (See Final Report 1962, Sect. 3,7), we would expect
each reacting quantum to give 8 hole-electron pairs. This
introduces another term w for the quantum efficiency of the
generating process in the above equation for is’ which then
becomes:

i = (1-KY(1-T) eQnN (Eg).

When comparing the photo-diodes, with and without benzaldehyde,
the only factor which will be appreciably different is n.
Referring to the experimental results given in Sect.4.7.3, we
find that the maximum increase in photocurrent which was
observed was 300%, i.e,

il (benzaldehyde) =4 il (untreated).

Allowing for the minority carrier current and internal shunt
current terms, the ratio of i_ (benzaldehyde) to i_ (untreated)
will then be rather less thans4:1, i.e. n is rathe® less than

4, We have shown in Final Report 1962, Sect. 3.7.3, that the
transmission of a benzaldehyde film, as used in these experi-
ments, averages asbout 60% during the first 5 minutes of
irradiation: correcting for this, we find that m is now somewhat
less than 6. This agrees fairly well with the chemical figures
of 7 to 9 for the quantum efficiency for & thin film, as given
in Final Report 1962, Sect. 3.7. There is therefore strong
evidence that the enhanced photocurrent generation is controlled
by the quantum efficiency of the benzaldehyde autoxidation,

6.3%.8, It is interesting to meke an estimate of the
conversion efficiency of the surface barrier diodes which were
used for these experiments. Experiment 19 shows that the
untreated unit gave a maximum power output of 0.725 wW into

a 100 ohm load. The power input to the lamp was 250 watts, and
assuming a typical efficiency of 154, the radiated light
energy was 37.5 watts, The equation for i_ conteins a term

Q, which is a function, amongst other parameters, of minority
carrier diffusion length L and semiconductor thickness d. In
the case of a surface barrier diode, it is probably incorrect
to visualize a hemisphere, of radius L, surrounding the point
contact and containing the flux of holes and electrons,
created by the
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illumination. Because of the surface structure, it is more
realistic to imagine that the carriers tend to follow a very
thin surface channel, If this is so, we can say that all
the flux of holes and electrons is passin § through the wall
of a cylinder, radius L and depth, say 104 cm., the
dimension of the space-charge region. The effective collecting
area of a point contact (with no applied field) is
approximately the spreading-resistance, zone, with a radius
equal to the diameter of the point. 58). Taking a typiocal
value for the diameter of the point contact of a Pt whisker,
@8 5 x 10~4 cm, the co}lectlng area is the wall of a
ocylinder, radius 5 x 10™ cm and 10~4 cm, deep.

The fraction of the flux of holes and electrons collected
by the point contactwas therefore

2n 5 x 1074, 1074
21 6,65 x 1072, 1074

where 6,64 x 1072 is the diffusion length L.
L was calculated from the relation L= (DT )

where D is the diffusion constant = 44 cm2 sec"1
for holes
T is the minority carrier lifetime = 100
microsecs. for the sample of Ge used,

The aperture of the lamp was 12 e¢m., and the roughly
parabolic reflector gave a reasonably pgrallel geam 8o that
the effective radiating area was n x 62/ sin45° for a

45" mounting, The light flux falling on & circle of radius

L was therefore 2.2
37.5 x n (6.64x10 °)° watts, and the

n .62/0.707
flux intercepted by the pont contact was
2)2

3T.5x 1 L64x10 2 .5x10~4,107%

n .62/0,707 2n .6.64x10"2,107%
= 2,5 x 1077 watts.

watts,
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As the maximum power output was 7.25 x 10.'7 watts the
efficiency was approximately 3.5%. With the increased

power output, recorded in Expt., 20, of 1.25 uW, on addition
of benzaldehyde, the efficiency increased to approximately
5%. These estimates may be low because of the number of
assumptions made in the calculations, especially if the flux
of injected holes and electrons spreads further into the

bulk of the material than we have assumed.

6o 3¢9 A comparastive calculation can be made for the

alloy diode structure, whose output is recorded in Expt.?2l.
Experiments 21 and 22 suggest that the addition of
benzaldehyde to the alloy diode increased the output by 30

to 40%, which is considerably less than the range 70 to

300% recorded with the surface-barrier diodes, This is
explained by the fect that the benzaldehyde would have given
enhanced injection only around the edge of the junction.

Less assumptions have to be wmade about the active area of the
alloy junction, which is aprroximately equal to its geometrical
area,

The junction in this case was 0,05 cm, in diameter giving an
area of 1,97 x 10~3 cm2, and the light flux intercepted by
the junction was
-2\ 2
375 x g (2.5x10°7)
2
n 6°/0.707

watts

4,6 x 1074 watts

The maximum output obtained was 57.5 pW, so the efficiency
was approximately 12.5%.

The maximum output current into a 10 ohm load, as recorded
in Expt. 23, was nearly 3mA,: tb}s represents an output
capability of about 1.5 amps.cm ~, for this type of junctionm,
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6.3.10 The stabilization of output, sometimes achieved by
the addition of polycyclic hydrocarbons, particularly anthracene,
is not readily explained. It is possible that, as the maximum
photocurrent output is associated with the presence of per-
benzoic acid, the hydrocarbcn may interfere with the acid~
catalyzed decomposition of perbenzoic acid with benzaldehyde.,
PheC=0 + Ph~C=0 Ph-C=0 1 2Ph, COOH
. > " 8-0-b-Pn >
0~0H H

OH
This is the normal terminating reaction of the chain,

As the normsl oxidation reiction proceeds, the photoelectric
output, having passed its peak, falls to a lower value than
was obtainable before the benzaldehyde was applied. This
suggests that the products of the reaction, e.g. benzoic

acid and/or dibenzoyl peroxide msv reduce the number of avail-
able surface states, or produce states with unfavourable
energy levels for photo-activation,

6.4 Surface potential measurements

6.4.1. Appraisal of the experiments reported in 1962

It is evident from the considerable amount of detailed work
carried out in the present programme, that an over-dimplified
picture was presented of the early experiments. The experiments
are clearly not equivalent to the classical contact potential
measurements by the Kelvin method. A vibrating electrode must
be used for the Kelvin measurement, c+herwige the sensitivity
of the method is extremely low, As we will show later, if

two different phases, e.g. germanium and platinum, are put

in contact through an external circuit, so that the Fermi
levels are in equilibrium, the regions just outside the
surfaces of these phases assume a potential difference equal to
the difference in Volta p?te tial, or contact potential,
Kelvin's original method 59? was based on the principle that
on breaking contact between the plates and altering the
spacing, a current, detectable by an electrometer, flows to or
from the plates, By connecting the plates through a
potentiometer, it was possible to find an applied potential at
which no current flowed when the plate spacing was altereds
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the applied potential was then equal to the difference in
Volta potentials or work functions of the metals. A
sensitive Todification of the method was first described by
Zisman in which one of the metal plates was made to
vibrate rapidly in a direction perpendicular to its surface.,
The osnrillating current produced was anplified and applied
to an output indicator: when an opposing potential was
applied to the plates from a potentiometer, & null point
was found when the voltage was equal to the contact
potential, This basic technique is the basis of all
present versions of the Kelvin method.

Measurements have been made using a stationary
reference electrode, but tie initial difficulty is the
exceedingly high resistence of the air or gas in the gap.
This difficulty can be overfgm? by ionizing the ges, a
method first used by Rigl.i 1), The stationary electrode
technique has been used Jor measuring the surface pote zia%
of filme on liquids by 2 number ot workers ?22§€63f?64§ 65) (66),
in all cases making use of the ionized air gap. Even when
water vapour is present in the gas, the resistance of the
gap is apperently still extremely high, on the evidence of
the erratic results recorded in Sect. 4.4.4. No provision
was made for ionizing the oxygen in the original work
described in Final Report 1962, but high potentials were
recorded in many of the experiments. If the water is
adsorbed as a charged dipole, the field external to the
dipole layer is extremely small and we would not expect
an appreciable charge to be indus~d on the platinum,
However, if a potential of, say, 100 volts appeared, due to
a charge between the platinum and germanium, the value
recorded by the measuring equipment which we originally used
would be considerably less, for the following reason: the
value of the vibrating capacitor used in the input circuit was
about 30 pf., while the copacitance of the platinum-germanium
gsystem was only about 2 pf., and the charge would have to
be divided between the two capacitors in the ratio of the
capacitances. Thus, the charge on the 2 pf. capacitor
would occupy a final capacitor of 32 pf,, and by the usual
electrostatic relation Q=CV, the voltage V would decrease
to 1/16 of its original value, or about 6 volts. If
however, the platinum was connected through to a source of
charge by an ionized ggp, or other conducting path, it would be
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possible to supply enough charge to produce & high potential
on the whole system,

These arguments suggest that when high potentials
were recorded for long periods, the platinum electrode
must have had & conducting path to the charging source, In
the absence of ionization, it is most likely that there existed
microscopic fibres acrosgs the ge between the platinum and
germanium. In the latter part of our investigation we have
worked on this assumption, which was first suggested to us
in discussion with Prof, F.C, Frank, This arrangement
provides a logical explanation of how steady potentials could
be recorded in the Pt/Ge system, but does not directly
explain the high values of up to 100 volts which were recorded.
There is no doubt that these potentials appeared when moisture
was introduced into the oxygen and disappeared when it was
removed, and no appreciable potential could be obtained with
a block of brass: the measurements did not therefore relate
to the properties of the fibres in the gap. A discussion
of the validity of the actual voltages recorded is given
in the following section,

6e4.2, Evaluation of the accuracy of voltage measurements
by the null method,

The null method of voltage measurement originally used
has been described in Final Report 1962, Sect. 4.9.1l. and
is shown in Fig, 9. Two variations of the classical backing-
off circuit are shown in Figs., 10a and 10b, The parallel
circuit of Fig., 9 was the only one which would give satis-
factory results in the original measurements, while the more
conventional series circuits shown in Fig, 10 did not appear
to work, i.,e. little response could be obtained when the
potentiometer was adjusted. It is interesting to evaluate
the behaviour of_ these circuits when there is a conducting
path of, say, 1010 ohms between the platinum and germanium,
In Fig, 9 we see that the backing-off circuit will place
an opposing field across the input to the vibrating
capacitor, but the Xoltage applied to the systep will be
divided down by 101 ohms in series with the 1010 ohms
gap resistance, On the other hand practically all the voltage
from the source, the germanium surface, will appear across
the input. Thus, if there is a surface potential of 100 volts
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at the germanium, about 90 volts will appear across the
input to the amplifier, but the application of 100 volts
from the potentiometer will apply only about 10 volts
opposing bias to the input. Applying a similar argument

to the operation of the classical backing-off circuit

Fig, 10a we find that about 9/10 of the voltage from the
potentiometer will be applied, and for Fig. 10b, the whole
of the voltage will be available: the whole of the voltage
from tiie source appears across the amplifier in each case.
Therefore the classical backing-off circuit shown in Fig,10
is desirable if there is a conducting path across the
measuring terminals, although in practice, it was found

to be extrememly sluggish in operation. This discussion
shows why it was imperative to use a direct-reading instru-
ment for the later experiments, and why the potentiometer
voltages recorded in Final Report 1962 did not represent the
correct pctentials at the germanium surface. It appears
likely that the high potentials were in the region of

10 volts, rather than 100 volts, and this conclusion is
supported by one reading, in excess of 10 volts, reoorded
on the Wayne-Kerr electrometer.

The calculations, previously carried out, of the
density of adsorbed water molecules, based on maximum
potentials of 100 volts are therefore incorrect (cf.

Sect, 6.2.15, Final Report 1962). A printing error also
appears in this section, where the total charge q is given
by the equation g= C.V X A, and not as printed. The basis
of calculation, involving a simple charge on & capacitor
formed by the platinum and germanium, is not valid in the
light of our recent work and the discussion in this section.
A more valid calculation will be given later,

6.4.3, The measurements described in Sects, 4.3 and 4.4
are representative of the results obtainable with a gap

of very low conductivity, special precautions having been
taken to prevent surface contamination. These results

are erratic and inconclusive, except in a few cases where
accidential contamination enabled potentials in the region
of 500 mV to be recorded., The material bridging the

@ap in these cases could not be seen with a lens and
strong illumination,

B T ey
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6.4.5. The potential readings, using a glass fibre probe
to contact the germanium surface, appear to be reliable

and reproducible,and representative of the true surface
potential of the germanium, The variations of the potential
with time in wet and dry ambients ,under short-circuit condi-
tions and with applied fields, provide valuable information
on the density and relaxation times of the surface states,
a8 will be shown,

Before we can interpret the significance of the
potentials obtained, it will be useful to discuss the
relationships between the band structure and potentiels in
a semiconductor system,

6.446, Potential and band structure relationships

6.4.6.1., Any phase can be regarded as having a characteristic
inner electric potential @ , which is characterized by

the distribution of space charges and polerization within

the material. The outer electric potential of the same

phase is the potential just outside the uniform bounding
surface et a distance just beyond the range of image forces
(i.e. just over 10'4cm.), and is designated by g

At the bounding surface of a phase we may expect layers of
charges or dipoles to occur, and as a result, a change in the
average electrostatic potential will occur from a point in
the bulk of the phase to & point at the outer electric
potential., The potential change is the surface electric
tension % ., We then have the relationship, § = ¥ + %.

The contact potential difference, or Volta tension V
between two phases 1 and 2 is defined by the outer

potentials:
Vo= §-F

6.4,6,2, The accepted energy level diagram for an n-type
semiconductor with acceptor surface states is shown in Fig.17,
E, is the Fermi level, or electrochemical potential, E

agd E and the energy levels corresponding to the edgeg in
of th§ conduction and valence bands, respectively, and E

is the mid-gap or intrinsic Fermi level. An oxide layer  is
shown to be present, with conduction and valence bands at

o ih sp




I A T 0 P kT ko YRS SargdB T -t ITORRS < L B g R 7 SHE it 7 e S e e g e e s L e

64.

arbitrary positions outside the energy gap of the bulk of
the crystal.,

The electrochemical potential E, is equivalent to
the work required to transfer an elegtron from infinity
to a point in the bulk of the semiconductor, and is the
sum of two terms:

(a) Work due to the interaction between the electron
and the bulk of the semiconductor, which is the chemical
potential E, and depends only on the chemical
constitution of the semiconductor.

(b) Work due to the presence of surface dipoles,
or free charges at the semiconductor surface., This
is equivalent to eff for an electron,

Therefore, E, = E + of

$ can be represented as ¥ + X , where J¥
represents the potential due to free charges on the
surface of the semiconductor and %X the potential
due to surface dipoles, giving the relation

Eg=E+e (f+ %)

6.4.6,3, One important factor in calculations involves the
potential difference between a point in the interior

of the semiconductor and a point at the semiconductor -~
oxide interface. This is the surface-barrier height Y
defined, in units of kT as:

Y=g -8,

where # is the inner potential in the bulk of semi-
conductor
s is the inner potential at the interface.

6.4.6.4, For an electrical double layer at a semiconductor
surface, we oan consider two parallel sheets of charge
density Q per unit area, spaced at a distance 4 from each
other. The electric field strength normal to the charge sheet
is given by Gauss! law, x = 2 n Q. In the regions outside the

R
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parallel sheets there is no field, but in between, the
fields due to the two charged layers added together to
give a wniform field 4nQ. The potential step across the layer
is then @ = 4nQd. Variations of the simple double layer
maey occur at semiconductor surfaces., For exzmple, if the
charge sheet nearest the semiconductor surface is replaced
by a uniform volume distribution of charge in a layer of
finite thickness, and charge density Q per unit area, the
potential drop across 4 is still the same, 4nQd, but there
is also a potential drop within the distributed charge
sheet, in accordance with Poisson's equation @

V2¢ = - M (x’Y9z)

e

Where € is the dielectric constant

p is the volume charge density

This system is operative for a semiconductor with charges

in surface stotes, residing on the outside of an oxide

layer of thickness d. The potential drop in the distributed
charge sheet is the inner potential difference (¢b - ¢s).

6.4.6,5, The electronic work function of a neutral phase
is defined as the work necessary to remove an electron
from the interior of the phase and place it at rest outside
the semiconductor at point where the electric potential is
equal to J . For a semiconductor without surface states
the work function is then

-Wo = E+ %X
The presence of surface states will affect the work function
through the term ‘X, by the potential shift in the space
charge region, giving

W=W°'e(¢b"¢s)
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If there are adsorbed impurities with oriented dipoles,
this will also alter the work function by an increment

ax. If there is an oxide layer with charges in the slow
states on the outside of the layer, then there is an
additional potential drop ¢1 in the oxide., The general
expression is therefore,

W=W_-ec[ (f-f) + ax + 4]

6.4.6.6, Fig,18 shows potential diagrams for the semi-
conductor metal system, when the metal and semiconductor
are separated, as in A, for zero field in the gap ( ¥ .- Xli=0)
the Fermi levels E,,, E,,, differ by the amount (wz.‘wl ,
the difference in work Tfiunctions.
The Volta potential, v or contact potential difference bet-
ween two metallic phases is defined as the differcnce
between the outer potentials of the phases, when in
equilibrium, i,e.  _

v= ¥, - ¥,

Since Ef=E+e(¢+1c)

Ef - eﬂ

therefore = v =_1_ (Wa—Wl).
e

E+ X =W

The field in the gap is equal to V/d, where d is the gap
spacing, and there is a charge on each electrode given by

Q= € V/4nd.

The inrer potential differcnce between two metals in
equilibrium is the Galvani potential, given by

-g= P4 = - (E,-E,)

_%_ (wz..wl) + X o~ %1)

For the semiconductor-metel system in equilibrium as showm

in B, it is necessary to tcke into account the potential shift
in the space-charge region of the semiconductor, The

Galvani potentinl is given as above, but the Volta poten-

tial of the system is not equal to 1l/e (W2-W1) because the
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work function of the semiconductor is modified by the inner

potential difference (¢b'¢s)2

Thug -V =__]_~_ (WZ-WI) - (¢b-¢8)2
e

and the Galvani potential can be written,

g = vt B K) + (Bp),

The terms v and (@, - ) vary with the gap spacing d and so
the Volta potentia? 18 not solely dependent on the properties
of the electrodes.

6.4,6,7. In the presence of surface states, illustrated
before and after equilibrium, in C and D, the interior of

the semiconductor is screened from external fields, and

this reduces the dependeunce of the Volta potential on the

gap spacing. The Galvani potential g and the charge Qm

on the metal electrode are given as sbove, but in equilibrium
the condition for electrical neutrality becomes

Qm+QSC+QSSaO

where Qs is the charge residing in the space-
charge region
Q88 is the charge in the surface states

It can be shown that the variables 4 and Y can be expressed
in the equation

ii_ [F(qub) + Ast (Y’ub)] + Y = constant

where d is the gap spacing

Ld is the Debye length

Y is the surface barrier height
u is the bulk mobility

A is & constant

Q. (Y,u) is derived froum the surface state occupancy
fBBctiond, For a high density of surface states, Q (Y,ub)
ie & rapidly varying function of Y and is the domingging
term in the equation., Therefore, the equilibrium value

Y is almost independent of d and consequenently v is also
ifdependent of d, as Y is defined as equal to e/kT(¢b-¢s).
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For a small gap and in the presence of surface states the
Volta potential v is nearly equal to the work function
difference, as shown in Fig, 18D,

6.4,6,8, Fig. 18E illustrates the effect on an external
voltage V aprlied between the two phases. For a fixed gap
the inner potential differcnce (¢2-¢1) between the phases
is given by:

(¢2-¢1) = V=g = H+(¢b-¢s)2 + constant

vhere H is the outer potential difference (§,-F,) across

the gap, (equal to the Volte potential v whefi V;O). The
constant includes surface dipole and chemical potential terms
independent of V, It is required to decide how the applied
emf, is divided btetween the surface barrier height

(¢b-¢8)2 and H, Now, H is given by the equation,

-4ndQm/€
(411 d/e) (QSG+QSS)

H

I

It can be shown that the equation for V can take the form:

V=[_4, ¥k F(Y,u) + cQ_ (Y,u)] + KLY+ constant
Ld a @

In this equation ¥ and V are considered as dependent and
independent variables. As Q_ (Y, ) is a rapidly varying
function of Y, it follows th82 Y mist be nearly independent
of V. Thus, Y will remain nearly constant and equal to the
equilibrium value Ygand the aprlied emf., will appear almost
entirely across the gap. The space-charge Q is also nearly
constant as Y is constant, and changes in Q are almost
entirely halanced by corresponding changes Tn the surface
state charge st‘

6.4.7, Application of the potential relationships to
the practical experiments,

6.4.7.1. In the practical case we have studied, of the
adsorption of water molecules on & germanium surface, we

have a surface with & high concentration of surface states

at the oxide-gas interface, There is & oxide layer of
appreciable thickness with a well~-defined dipole layer at

the surface, due to the adsorbed water, We have shown that, in
the case of & high concentration of surface states, the

Volta potential is equal to the difference in work function
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between the metal and the semiconductor. Fig,l19 shows the
energy band and potential diagrams for the Ge/Pt system, with
water adsorbed at the germanium oxide surface, before and after
equilibrium, If the systerm is not in equilibrium, which is
the condition under which the measurements have been made,

the potential distribution will be similar to that in Fig,l19A,
It is assumed that there is no field in the gap, and in
practice the gap has been almost eliminated, by contrcting

the end of the surface dipole layer with a glass fibre probe.
Ve can see that the voltage across the system, apart from a
small contrlbutlon’xg , is equal to the voltage across the
dipole layer dX min ‘x‘,’ , the space-charge potential.

6.4.7.2. To examine the factors involved more closely, let
us consider that the Pt/Ge system is in thermodynamic
equilibrium as in Fig 19B and derive the value of the Volta
potential between the phases,

The Volta potential is given by
V= -i—(WGe-wpt)

The work functions of platinum and germanium are

-NPt = E]:t + éxpt

-WGe ® EGe + éxGe

where E is the chemical potential in each case and’X is the
surface dipole term, The surface dipole term for germanium
rust be expanded, as shown in Sect.6.4.6,5, to include terms
for the inmer potential difference (¢ ;, oriented surface
dipoles of water dX and the potential drgp in the oxide layer

1
Thus -WGe= EGe-e[ (¢b-¢s) + &K+ ¢1]

Therefore =V= _i_[ (EGe-e[ (pb-¢s) + &+ ¢1]) - (EPt+é)%t)]

(Bgo Epy) = Xpy = () - o-f)
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This can also be expressed as

g = V-Xp - (B )- %5,

where g is the Galvani potential

6.4,7.3. To obtain some idea of the relation between the
potentials measured and the potential across the water dipole,
we must make soma est:unate of the other terms in the equation,
In fact %y, (gb will all be small, Bardeen and
Brattain =~ (12 hale shown tha.t ( ¢ ) under the experimental
conditions we have been uslng,amouBts to only about 0,02v.

We can also conclude that as the oxide layer was no thicker
than about 10~5 cm,, and so could not support much of the
space-charge region, the voltage drop in the oxide ¢113

very small, Under open-circuit conditions, the voltage across
the system is then almost entirely due to the water dipole
term dXs When the system is brought to equilibrium, the
Volta potential will aprroximate to 1(EP & Go) + K

The exact va,lue of the Galvani potentlal is not known but
the term 1 Ep ) ney amount to 1 or 2 volts, so that the

total potentla.l across the gap may be 1.5 to 2,5 volts.

6.4.7.4, It is generally agreed that water is adsorbed on

a germanium surface only to the extent of one or two
monolayers, ‘Ve have assumed a monolayer for our calculation
of the number of water molecules adsorbed on the surface. It
should be noted that the system described here does not

agree well with the picture given % 21:};?: workers of adsorbed
water on n-type germanium, Refs, ) . It is common to
describe & system of positively charged states, created by

the water adsorption, with the energy bands in the semiconductor
bending downwards, to give a negative space-charge region. The
picture we have described appears to be a bettsr approximation
© the truth,

6.4.8. Discussion of experimental results

6.4.8,1. The form of the results shown in Figure 20 shows
little dependence on the type of germanium used or on the
thickness of the oxide layer. This suggests that the
observed voltages arise mainly from the interaction of the
moist ambient with the outer oxide surface. For the
elementary case of a single layer of orientated water dipoles
adsorbed on the surface the voltage developed is given by
Gauss's theory ass
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V = 4nNq.d.

where V = voltage o
N = number of adsorbed water molecules/cm”,
q = electronic charge. -8
= charge displacement-(= about 10" cm. for
singly ionized oxygen).

Thus, if V is taken to be about 500 mV,

¥ = 2.8 x 1000,
and for 700 mV, N = 3.9 x 102,

6.4.8.2. T? eementbetween this figure and the values
quoted (75 ?72§rfor the density of slow surface states is
quite good. Thus, it may be passable to explain the
observed voltages by a mechanism involving the adsorption
of orientated water dipcles by slow surface states., To do
this, it is necessary to postulate feasible energy level
diagrams to correspond with the experimentally observed .
behaviour formally given in Figure 20. Unfortunately little
quantitative data is available pertaining to the band
structure of oxide covered semiconductors, so any argument
has to be mainly qualitative in nature,

6.4.8.3, Commencing with the assumption, that the initial
source of the observed voltage is the adsorption of
orientated water dipoles by slow surface states, the main
observations requiring explanation arej; the slow decay
curves, the rapid rise curves following a short-circuit and
the effects of an applied field. It is relevant, at this
point, to describe the deviations, mentioned earlier, in
the normal cycle, Referring to Figure 20, it was found
thaet a momermtary short circuit at point a on the decay curve
resulted in a rapid recovery whilat a similar procedure

at point b was followed by a slow recovery., The general
behaviour is shown in Figure 24, The point of interest is,
that, despite the considerable disturbance at point b, the
voltage finally returns to the normal decay curve., These
observations are considered to indicate that the source of
observed voltage during decay is an electronic charge, and
not adsorbed water. After the initial adsorption of water
it is assumed that the dipole is completely ionised and the
slow acogtor surface state becomes negatively charged.
Since the hydrogen atom is essentially located at the
electrostatically zero reference point it must be considered




12,

to remain neutral, At point b it is assumed that all this
water has been adsorbed from the surface thus leaving it
negatively charged.,

6.4.8.4, In considering the rate of decay it is necessary to
look at the main regions across which charge may migrate.
These are; (i) the space charge in the germanium, (ii) the
surface states at the Ge/G:; =ide interface, éiii) the oxide
itself, (iv) the oxide/ambient interface and (v) the gap
between this last and the platinium reference electrode, The
time constant of the observed decay curve is in the order of
several nminu:tes which is unlikely to arise from processes
‘occuring in regions (i) and (ii). llso, region (v) gn be
discounted since, at the measured impedance of ca.l ohms,
this has a time constant in the order of milliseconds. This
leaves regions (iii) and (iv) as possible sources of the slow
decay process. Now, that the bulk oxide itself is a good
electronic conductor it amply demonstrated by the fact that
copious electrolytic redvction can be performed at a Ge/Ge
oxide electrode in solution. Thus, charge transfer across the
oxide will e & fast process and cannot be the cause of the
observed decay. This reasoning is strongly supported by the
fact that the observed decay is apparently independent of the
thickness of the oxide film, It must be tentatively concluded,
therefore, that the oxide surface with its negatively charged
slow surface states is the region of interest, It seems
possible that the observed decay is, in fact, a direct measure
of the rate of relaxation of the slow states. The main
features of the experimental results are illustrated in
Figures 21-23, In these diagrams the full width of the chart
corresponds to 1,0 volt whilst the spacings marked by the hour,
in fact, correspond to 80 seconds, In Figure 21, at point A,
the ambient was changed from moist to dry oxygen. At point B
a momentary application of about 700 mV external field gave
rise to a second decay curve. In figure 22 moist ambient wae
introduced at point A and the resultant potential growth is
shown., At point B the systsm was momentarily shorted after
which the rapid, oscillatory recovery is clearly seen. Point
C shows the affect of a 900 mV external field whilst at point
D the decay curve commences as a result of changing to & dry
ambient. Figure 23 shows the behaviour of the n~-type specimen
after it had been boiled in sodium hypochlorite solution for
& few minutes, At points A, B and C the system was short
circuited and the rapid, but non-oscillstory, nature of the
recovery is shown. At point D the ambient was changed to

dry oxygen after whicl - markedly step-wise decey curve resul-
-ted.
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6.4,8,5, When the system is brought into equilibrium by an
external short-circuit, we can calculate the charge on each
electrode on either side of the gap. In our experiments, the
gap is virtually the dipole layer of water molecules itself,
as the glass fibrs probe extends to the germanium surface,
The charge on each electrode is given by

Q = v/4nd.
where v is the Volta potential

If we take v as the difference of the work functions it will
be approximately 6.5=4.8, or 1,7 volts. The distance d would
be approximately 10™* cm. for completely ionized oxygen.
Calculation gives a value for @ = 9 x 1013 electronic charges
per cm<,

Thus the original negative charge in the surface states, of
3 o0ordx 101 per cm¢, is completely neutralized and converted
to & large positive charge., This positive charge would have
two effects, firstly to attract a higher concentration of
water molecules, which are predisposed to yield up electrons,
and secondly to develop e negative space-charge, or accumula-
-tion region, in the semiconductor. The situation is
illustrated in Fig. 19B, On removing the short-circuit, an
excess of wat.r molecules are associating with the charged
surface, but this excess positive charge is rapidly removed
by conduction through the oxide leyer and germanium.

The oxide surface is temporarily provided with a much higher
concentratiocn of water molecules, and it is also possible that
the positive charge may have temporarily created & higher
concentration of surface states, The water dipole system
then builds up very rapidly and overshoots its normal level,
because of the higher concentration of adsorbed water. The
situation is rapidly mstored by a loss of water, within a few
hundred milliseconds, and the potential falls rapidly. In
many instances there is again another overshoot in the down-
-ward direction, the reason for which is less clear. The
second overshoot may be associated with an adjustment of the
space~charge region, which for a brief pericd has developed

a high non-equilibrium concentration of holes, due to the
migration of the positive charge; the response of the second
overshoot would depend to some extent on the diffusion rate of
holes through the oxide layer. The absence of overshoot in
some samples may indicate & low hole mobility in the oxide
layer of those samples.
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6.4.8.6. The application of an excess positive potential to
the platinum in the presence of water, increases the field
acrose the dipole layer, which is rapidly discharged on
removal of the potential. In some experiments it was
observed that the potentiel returned raspidly to a slightly
higher level than before, suggesting that the increased field
had created more surface states at the oxide surface, or
filled some higher energy levels.

6.4.8,7. The application of & positive potential to the
platinum e¢lectrode in the absence of water vapour creates a
ginilar condition at the germanium surface to the effect of
water molecules, by inducing a negative charge in the slow
surface states. On removing the potential, we observe & slow
decay, due to the relaxation time of these states. Section
6.4.6.,8, shows that the applied potential will appear
entirely across the gap.

6.4.,8,8, The origin of possible potentisls in the 10 volt
region still remains unsolved, but it is interesting to note
that if the charge density we have observed in the watgr
dipole layer existed across an oxide layer of only 10=° cm.
thick, a value of 10 volts would be obtainable,

6.4.8.9. The decay curves obtained on removing the water
vapour from the oxygen flow indicate that the slow states
normally present on the oxide surface have relaxation times

of the order of 300 to 500 secs. A stepped structure is
found in the decay curves for many samples, but the definition
of these steps varies considerably and their interpretation
would have to await further investigation: it is possible that
such discontinuities might represent the relaxation of states
at different energy levels,

6.4.8,10, Potential growth rate when moisture was admitted

to the oxygen flow was fairly rapid (teking about 80 secs.)
but there was usuvally & much smaller slope towards the end

of the growth curve, sometires containing steps, suggesting
a slow final orientation of the water layer. The growth and
decay timis 7re more rapid than those observed by Bardeen and
Brattain (12 probably because of the longer response time

of their apparatus,

6.4.8.11, A few comparative experiments were made on 200 ohm-om,
p-type silicon, platinum, brass and stainless steel. The
silicon showed some similarities to germanium in that it was
possible to charge the surface states by applying an external
field, and obtain a decay curve. The potential attained in wet
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oxygen was nuch lower, sugpesting a small adsorption of water,
but this may have been the result of incorrect surface
preparation, Further work would be required before any
meaningful comparisons could be made. Platinum, as expected,
showed no potential under dry or wet ambients, Both brass
and steinless steel gave indications of growth and decay
curves: this is very interesting and points the way to the
possibility of studying oxide films on metals by this
technique,

6.4.8.12, Btching procedures had some influence on the
potentials obtained, higher values generally being.produced
by sodium hypochlorite treetment, which gave a visible oxide

-film, The curves obtained with surfaces prepared by chemical

etching contained more small irregularities than those
obtained with surfaces prepared by anodizing. The difference
sugrcests that chemically etched surfaces give patchy oxide
films, while anodized films have a more ordered and uniform
gtructure: this conclusion is elso supported by the appearance
of the films,

6.4.8.13, Harman et al.(17) have recently carried out an
interesting measurement of weter-induced surface states

on silicon, using pnrous graphite electrodes gnd a _pulse
technique., They arrive at a figure of 5 x 10+%/cm?, Our
preliminary tests indicated that the density on silicon was
less than on germanium and it would be useful to carry out
comparative experiments by our method.

CONCLUSIONS

T.1 The final products of the photoxidation of
benzaldehyde at a germanium surface are benzoic acid and
dibenzoyl peroxide. No indications of other possible
products, such as benzil or benzoin have been found.

T.2 Repeat experiments of surface potentials on
germanium have not in general confirmed the high potentials
previously recorded, except in a few isolated experiments,

An analysis of the operation of the backing-off circuits, used
for the indirect measurement of potentials, has shown that
misleading resultscan be obtained, The maximum voltages
previously obtained are estimated to be of the order of

10 volts,
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T.3 The use of a glass fibre probe in conjunction with
a g%rect-re ing electrometer, with an input impedance of

1012 to 1016 ohms hasembled accurate and reproducible
measurements of surface potential to be made, The voltage
obtained in wet oxygen is normally in the range 500 to 70O mV,
depending to some extent on the oxide film on the germanium,

Te4 The time-voltage curves obtained for the

experiments under various conditions have provided useful
informetion on the properties of the slow states at the
germanium oxide-gas interface. The maximum potential obtained,
shown to be due to an ionized layer of water molegglee,
cosresponds to a slow state density of 3 to 4 x 1 3 per

om The rate of decay of the charge remaining in the slow
states after the removal of water molecules indicates relax-
ation times of 300 to 500 seconds in most of the samples
tested,

1.5 Some unusual features observed on the curves
include a step=like structure in some of the decay curves,
and an oscillatory behaviour after a momentary short-
circuit (to bring the system to thermodynamic equilibrium).
The atep structure might be associated with different
energy levels in the spectrum of states, while the
oscillatory behaviour is produced by an adjustment of the
non-equilibrium concentration of water molecules at the
surface and changes in the space-charge region.

7.6 No great differences have been observed between
n-type, p-type and intrinsic germanium, which indicates that
the surface potential behaviour is almost entirely a function
of the oxide layer. It is possible from the variations

in the time-voltage curves between different samples to make
qualitative deductions about the structure and carrier
mobility in the oxide film,

1.7 Surface recombination measurements on germenium
samples treated with irradiated benzaldehyde show a small

but definite decrease in surface recombination after treat-
ment. Together with indications of increased surface barrier
height, given by the rectification experiments, the decresase
in surface recombination velocity shows that the benzal dehyde
treatment may be a good finishing process for the surface

of semiconductor devices,




]

1.

1.8 Increases in the photocurrent from a surface
barrier diode have been obtained by the application of a
film of benzaldehyde. The increase in efficiency has

been correlated with the quantum efficiency of the
photochemical reaction, by the principles of charge-tranafer
catalysis.
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Summary of personnel utilized during the reporting period
Principal Investigator,

J.A. Radley, M.Sc., F.R.I.C., F.S.D.C, 300 hours
Assistant Principal Investigator,

G. Elliott, B.Sc., F.R.I.C. 1250 hours
Research Assistant,

J.G, Gibson, B.Sc, 1000 hours
Research Assistent (Graduate standard) 850 hours
Expense for materials expended: £560
Property acquired during contract

period at direct contract expense: Nil
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